ADA039864 


EXPLORATORY  DEVELOPMENT  ON  DURABILITY  OF 
ADHESIVE  BONDED  JOINTS 


BOEING  COMMERCIAL  AIRPLANE  COMPANY 
P.0 . BOX  3707 

SEATTLE,  WASHINGTON  98m 
OCTOBER  1976 


TECHNICAL  REPORT  AFML-TR-76173 

PINAL  REPORT  POR  PERIOD  FEBRUARY  1974  . OCTOBER  1976 


l)  D C 

MAY  25  1971 

rsrnsi 


Approved  for  public  release;  distribution  unlimited 


I 


>- 

Q_ 

O 


O 


Prepared  for 

AIR  FORCE  MATERIALS  LABORATORY 

AIR  FORCE  SYSTEMS  COMMAND 

WRIGHT  PATTERSON  AIR  FORCE  BASE,  OHIO  45433 


NOTICE 


When  Government  drawings,  specifications,  or  other 
data  are  used  for  any  purpose  other  than  in  connection 
with  a definitely  related  Government  procurement  operation, 
the  United  States  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever;  and  the  fact  that  the  government 
may  have  formulated,  furnished,  or  in  any  way  supplied  the 
said  drawings,  specifications,  or  other  data,  is  not  to  be 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing 
the  holder  or  any  other  person  or  corporation,  or  conveying 
any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  invention  that  may  in  any  way  be  related  thereto. 

The  data  in  this  report  is  merely  a factual  presentation 
of  the  results  of  the  particular  tests  performed  and  is  not  to 
be  used,  copied  , or  referenced  for  advertisement  purposes. 

This  report  has  been  reviewed  by  the  Information  Office 
(10)  and  is  releasable  to  the  National  Technical  Information 
Service  (NTIS) . At  NTIS,  it  will  be  available  to  the  general 
public,  including  foreign  nations. 


This  technical  report  has  been  reviewed  and  is  approved 
for  publication. 


W.  M.  Scarciino  "’(AFML/MXEy 
Project  Engineer 

FOR  THE  COMMANDER 

ALBERT  OLEVITCH,  Chief 
Materials  Engineering  Branch 
Systems  Support  Division 


ml7mxe) 


Copies  of  this  report  should  not  be  returned  unless 
return  is  required  by  security  considerations,  contractual 
obligations,  or  notice  on  a specific  document. 


aim  \ m*  >t » m 


UNCLASSIFIED 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Wl«n  Data  EnlerodJ 


I0RT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


2.  GOVT  ACCESSION  NO.  3.  RECIPIENT’S  CATALOG  NUMBER 


iyyxui  T < sad  SiihHII*l 

Jo  J Exploratory  Development  on  Durability  of 


Adhesive  Bonded  Joints,  j 


■TT^imwORLP  '■ - 1 * 1 

j ({))  J.  A.yMarceauOl  J,  C/McMillan 


, , rrnruiWM  >r 

(7 D6-41317-2  1 


8.  CONTRACT  OR  GF^KNT  NUMBERf.J 

■ Mi  I I Jl  a , a • 

itPTuTvv 


F3361 5-74-C-5^65 

.«*»>■  ^ V 


PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

Boeing  Commercial  Airplane  Company 

P,0.  Box  3707 

Seattle,  Washington  98 1 24 


H,  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Air  Force  Materials  Laboratory 
Air  Force  Systems  Command 
Wright-Pattcrson  AFB,  Ohio  4S433 


lELEMENT,  PROJECT/ 
>RK  UNIT  NUMBERS/, 


Project{738j7/Task  738 
W.O.  No“T&  10682 


IS.  NUMBER  OF 


U.  MONITORING  AGENCV  NAME  8 ADDRESSfl/  dllleicnl  Iron  ConfroMnS  Olll cej 


IS.  SECURITY 

UNCLASSIFIED 


IS*.  DEC  L ASSI F I C AT  1 0 N^DOWN  GR  A DIN  O 


SCHEDULE 


NA 


18.  DISTRIBUTION  STATEMENT  fo(  (M«  Nojinn) 

Approved  for  public  release;  distribution  unlimited. 


I?.  DISTRiOUTION  STATEMENT  (al  IN*  *6alr*«l  aalaml  I*  Ulaek  30,  II  Ulllatml  Itat t HapaH) 


l».  SUPPLEMENTARY  NOTES 


II.  KEY  WORDS  fCwilIm ta  an  mmaa  alda  II  and  ItttMlIy  b‘  klo-'k  ftuot&i ft) 


Adhesives 
Durability 
Test  metluuls 
Surface  preparation 
Adiierend 


Thiek-a*lhereml  lap  shear 
Thtek-udhorond  double  cantilever  t»eam 
Thtek-adherond  single  cantilever  lieam 
Wedge  test 

Strcsscd-durabHity  Static  and  Cyclic 

ABSTRACT  rt’ivtllnw*  wi  lavattakhl*  II  neetmmv  mil  Idanlllv  f>v  SImpIi  (wwfidr)  ■ — - — ■ 

the  objectives  of  the  program  were  to  evaluate  stressed  durability  test  methods,  to  use  these 
methods  to  test  adhesive  bonding  materials  and  processes,  and  to  develop  a correlation  between 
tatnirutory  test  results  and  in-service  |ierformunee. 

The  test  method  evaluation  was  completed  early  in  the  program  anil  results  were  published  in  an 
interim  technical  roikni,  APML-IR-7S-3.  Durability  of  Adiiesive  Bonded  Joints,  February  1975. 


DD  /Xn  1473 


EDITION  OF  I NOV  88  IS  UUSOlLYC 

i1  tv’  pi-* 


UNCl.ASSIFihl) 

iRITV'ct. AMif'iOitTon 'or  Vmi* P AOKT“S*b  Wm&RwtiM 


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PfOEQWnn  Dmt*  Enlcfd) 


20.  ABSTRACT  (Continued) 

Four  stressed  durability  test  methods  were  selected  for  the  test  program:  a- 
^ U A thick-adherend  lap-shear  specimen  (Mode  I and  Mode  11  loading)/ 

(2i  A thick-adherend  double  cantilever  beam  (DCB)  specimen  (Mode  1 loading)j 
(3/  A thin  adherend  DCB  specimen  (wedge  test.  Mode  I loading).'  a^y 
(j4y  A thick  adherend  single  cantilever  beam  (SCB)  specimen  for  honeycomb  sandwich 
evaluation  (Mode  1 and  Mode  II  loading). 

Alloy,  adherend  surface  treatment,  adhesive  printer,  and  adhesive  interactions  were  evaluated. 

The  materials  and  processes  used  were: 

(1 J Alloys:  2024-T3,  2024-T3  clad  (1230  alloy),  7075-T6,  and  7075-T6  clad  (7072  alloy)/ 

(2)  Adheshms:  FM  123-2  and  EA  9628  250°F  curing  adhesives,  and  AF  143  and  PL  729^3 
350°  F curing  adhesives^ 

^9  PivnetJL.  BR  1 23  non-corrosion-inhibiting  primer,  BR  1 27  corrosion-inhibiting  primer,  and 
EC  3917  and  PL  728  corrosion-inliibiting  primers  for  use  with  the  two  35CPF  curing 
adhesives,* 

(4)  Adhere  ml  surface  treatment  processes:  Optimized  FPL  etch,  chromic  acid  anodize.  and 
phosphoruTacui  anodize)  > / 

(5J  Aluminum  honeycomb  core:  Standard  core,  Dura-Core  and  CR  111  corrosion-resistant  cores, 
and  phosphoric  acid  anodized  core. 

Results  of  this  investigation  have  shown  that: 

1.  Two  basically  different  test  specimen  configurations  are  required  to  assess  adhesive  bonded 
joint  durability  performance,  one  that  emphasizes  combined  Mode  1 and  II  loading  and  one 
that  evaluated  Mode  I loading  only. 

2.  Cyclic  loading  of  bonded  joints  is  more  damaging  to  the  bondlines  than  steady-state  loading. 

3.  Phosphoric  acid  anodized  adherend  surfaces  showed  the  best  over-all  durability  performance 
in  both  metul-to-metnl  bonds  and  honeycomb  core  bonds. 

4.  The  presence  of  clad  in  the  bondline  increases  the  tendency  for  crevice  corrosion. 

5.  Corrosion-inhibiting  primers  (CIAP)  improved  the  stressed  durability  performance  of  bonded 
specimens  over  that  of  the  non-corrosion-inhibiting  primer.  CIAP  did  not  prevent  crevice 
corrosion. 

6.  A laboratory  test/in-service  performance  correlation  lias  been  demonstrated  under  Mode  1 
loading  conditions. 

Continued  study  of  stressed  durability  has  been  recommended  to  better  understand  how  this 
information  can  be  applied  to  design  of  critical  load-carrying  aircraft  structure. 

♦Mode  I:  Opening  mode  (cleavage i 
Mode  II:  Forward  shear  (edge  sliding) 
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1.0  INTRODUCTION 


The  performance  of  bonded  joints  in  aircraft  structure  has  varied  in  both  military  and  com- 
mercial applications.  For  the  most  part,  bonded  structure  has  provided  excellent  service 
performance  over  many  years;  however,  some  bonded  parts  have  experienced  disbond  with 
varying  degrees  of  subsequent  bondiine  corrosion  after  relatively  short  service  exposure. 

Traditional  test  and  performance  evaluation  methods  have  not  been  capable  of  precluding 
disbonding  and  corrosion  in  service,  and  as  a result  serious  questions  concerning  the  relia- 
bility of  bonding  have  been  raised.  The  traditional  test  methods  generally  encompass  three 
areas:  ( l ) lap-shear  testing  as  a function  of  temperature.  (2)  peel  testing  as  a function  of 
temperature,  and  <3)  exposure  of  unstressed  lap-shear  specimens  to  various  environments  for 
relatively  short  periods  of  time  (e.g.,  30  days)  before  testing.  An  examination  of  the  fractured 
traditional  test  specimens  shows  that  these  tests  do  not  duplicate  the  features  characteristic 
of  service  disbonds. 

In  recent  years,  it  has  been  found  that  testing  bonded  joints  under  a sustained  stress  while 
simultaneously  exposing  the  specimens  to  warm/wet  environments  results  in  failures  of  the 
bond  at  stresses  far  below  the  ultimate  stress  measured  at  the  exposure  temperature.  This 
type  of  stressed  durability  test  is  capable  of  showing  differences  in  performance  between 
adhesive  systems  mu]  various  process  parameters.  In  addition,  the  failure  modes  of  improperly 
processed  bondinents  tested  in  this  manner  liave  an  appearance  dtaracteristic  of  service 
disbonds;  i.e..  intcrfucial  failures. 

Tlie  objectives  of  t his  contract  were  to : 

1 . Determine  a sound  method  of  evaluating  stressed  durability  of  adhesively  bonded 
structural  aluminum  materials,  including  an  assessment  of  the  merits  of  cyclic  versus 
steady-state  stress  testing  and  of  the  effect  toad  profile  lias  on  stressed  durability  testing. 

2.  fcvuluatc  the  long-term  effects  of  environment  on  stressed  adhesive  bonds  in  metal-to- 
metal  (aluminum-to-aluminum)  and  aluminum  honeycomb  sandwich  constructions. 

3.  Determine  the  difference  in  stressed  environmental  durability  between  eiad  and  hare 
aluminum  alloys. 

4.  Assess  the  correlation  between  inservice  behavior  of  adhesively  bonded  aircraft  assem- 
blies and  stressed  durability  tests. 

5.  Deter  nine  the  optimum  temperature  for  performing  stressed  durability  tents  of  structural 
aerospace  adhesives, 

6.  Develop  or  perfect  stressed  dnrabi'ity  tests  for  metal-to-melal  and  sandwich  specimen* 
and  document  these  in  AS  I'M  test  method format. 
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The  program  was  conducted  in  four  phases: 


• 

Phase  1 

Literature  survey 

• 

Phase  11 

Selection  of  durability  test  methods 

• 

Phase  111 

Stressed  durability  testing  of  metal-to-metal  bonds  and  metal  honeycomb 
sandwich 

• 

Phase  IV 

Specimens  for  outdoor  exposure 

Phases  I and  11  were  completed  early  in  the  program,  and  these  results  have  been  published 
in  Air  Force  Technical  Report  AFML-TR-75-3  (ref  1 ). 

Phase  111  consisted  of  10  tasks,  which  were  the  main  effort  of  the  program  and  were  designed 
to  meet  the  picceding  objectives.  The  specific  tasks  were  as  follows: 

Task  1 

Verification  of  test  methods 

Task  2 

influence  of  test  duration 

Task  3 

Verification  of  corrosion-inlubiting  primer  (GAP)  contribution 

Task  4 

Influence  of  cyclic  loading 

Task  5 

Application  of  test  method  to  honeycomb  sandwich 

Tusk  6 

Influence  of  test  temporal  ure 

Task  7 

Lab  test/inservice  correlation 

Task  8 

Cyclic  stress  durability  of  bonded  systems 

Task  9 

Durability  testing  in  salt  spruy 

Task  10 

Additional  itoncycomb  cores  for  honeycomb  sandwich  tests 

The  test  matrix  fur  each  of  these  tasks,  including  the  total  number  of  specimens  tested,  is 
sltowu  in  table  I. 

I'luise  IV  consisted  of  providing  tlte  Air  Force  with  test  specimens. 

The  following  sections  present  a brief  summary  of  the  Phase  1 and  Phase  It  results  (reported 
iu  ref.  1 ),  and  detailed  results  of  Pltase  til,  with  u discussion  of- these  results. 
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2.0  SYNOPSIS  OF  PHASE  I AND  PHASE  II  RESULTS1 


The  purpose  of  Phase  I was  to  review  the  literature  and  to  survey  adhesive  manufacturers, 
prime  aerospace  contractors,  and  any  other  pertinent  sources  to  determine  currently  used 
methods  of  stressed  exposure  durability  testing  and  practices  relative  to  the  types  of 
aluminum  adherends  presently  being  used  or  contemplated  for  use  in  adhesively  bonded 
aerospace  structure.  The  purpose  of  Phase  11  was  to  assess  the  various  durability  test  methods 
and  select  the  methods  for  use  in  Phase  III  of  this  program.  In  addition,  surface  preparation 
processes  were  to  be  assessed  and  three  selected  for  use  in  Phase  III. 

More  than  700  references  (articles  and  abstracts)  were  reviewed.  These  references  included 
such  categories  as  test  methods,  specimen  stress  analyses,  failure  mechanisms,  adherend 
surface  preparation,  environmental  effects  on  bonds  and  adhesives,  corrosion,  and  service 
failure  analyses. 


2.1  STRESSED  DURABILITY  TEST  METHODS 

Assessment  of  the  reported  test  results  revealed  that  a sustained  stress  applied  to  the  bondline 
when  the  specimen  is  simultaneously  exposed  to  an  aqueous  environment  causes  some  degree 
of  damage  to  occur.  The  degree  of  damage  within  the  bond  is  a function  of  the  stress  level, 
availability  of  water,  temperature,  and  adhesive  system. 

Assessment  of  the  test  methods  described  in  the  literature  revealed  that  all  the  specimen 
configurations,  when  stressed,  have  a load  component  normal  to  the  bond  plane  present  at 
the  load  transfer  edge  of  the  joint.  This  loading  mode  is  known  as  Mode  I (opening  mode). 
(See  fig.  I .)  Most  specimen  configurations  that  are  cantilevered,  peeled,  or  under  flatwise 
tension  are  exposed  primarily  to  Mode  I.  Most  other  configurations  have  shear  as  the  primary 
loading  mode  and  Mode  I as  the  secondary  mode.  This  type  of  shear  is  known  as  Mode  ii 
(forward  shear).  (See  fig.  I .)  A third  loading  mode  known  as  Mode  111  (sidewise  shear,  fig.  1 ) 
is  not  present  in  any  of  the  test  configurations  reviewed. 

Selection  of  test  methods  and  specimen  configurations  for  Phase  Hi  was  bused  on  the 
following  criteria: 

1 . The  test  specimens  must  relate  to  reul  structure  loading  modes. 

2.  Mode  I loading  must  be  controllable. 

Mode  It  loading  must  be  controllable. 

4.  The  test  method  must  yield  quantitative  results  and  not  lie  subjective.  A secondary 
goal  was  to  provide  a specimen  that  might  he  used  in  the  future  to  relate  a finite 
element  stress  analysis  of  lltc  lest  specimen  configuration  to  a similar  analysis  of  real 
structure. 


1 Reported  in  AI‘ML-I  R-75-.)  (ref  I ) 
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5.  Fabrication  of  specimens  must  be  reasonable,  i.e.,  specimens  must  be  relatively  simple, 
must  not  require  unusually  close  dimensional  tolerances,  and  fabrication  costs  must  be 
low  for  programs  involving  large  numbers  of  test  specimens. 

Based  on  these  criteria,  the  four  following  specimens  were  selected  as  the  most  suitable  for 
meeting  the  objectives  of  the  program.  These  configurations  relate  best  to  the  two  loading 
modes  present  in  most  test  specimen  configurations  and  in  real  structure. 

• Thick-adherend  machined  lap-shear  specimen.-These  specimens  are  machined  from  two 
bonded  1 /4-in.-thick  aluminum  plates.  The  specimens  are  I in.  wide  and  7 in.  long, 
with  a 1 /2-in.  overlap  machined  in  the  middle.  (See  fig.  2.) 

• Thick-adherend  double  cantilever  beam  (DCB)  specimen.-These  specimens  are  machined 
from  two  bonded  l/2-in.-thiek  aluminum  plates  (or  four  bonded  1/4-in.  plates  for  clad 
alloys,  which  are  commonly  available  only  up  to  1/4-in.  thick).  The  specimens  are  1 by 

l by  approximately  14  in.  (See  fig.  3.) 

• Thin-adberend  DCB  specimen  (“wedge  test").'  These  specimens  are  cut  from  6-  by 
6-by  1/8-in.  panels  bonded  together.  The  specimens  are  1 by  6 by  1/4  in.  (See  fig.  4.) 

• Thick-adherend  single  cantilever  beam  (SCB)  specimen.  These  specimens  are  cut  from 
bonded  sandwich  assemblies.  The  specimens  are  3 in.  wide  and  approximately  14  in. 
long  with  a l/2-in.-thiek  test  face  sheet.  (See  fig.  5.) 

With  the  exception  of  the  thick-adherend  lap-shear  specimen,  the  preceding  specimens  do 
not  require  fixtures  or  external  loading  to  maintain  the  sustained  stress:  i.e.,  they  are  self- 
contained.  To  apply  the  desired  sustained  stress  to  the  lap-shear  specimen,  a portable 
loading  fixture  was  used.  (See  fig.  (>.) 

2.2  ADHEREND  SURFACE  PREPARATION 


The  criteria  used  in  assessing  and  selecting  the  surface  preparation  processes  for  use  in  tins 
program  were: 


1 , Processes  which  lusve  gained  acceptance  throughout  the  industry  after  many  years  of 
service  history. 

2.  Processes  which  represent  new  technology  as  related  to  environmental  durability 
performance  of  bonded  systems. 

Bused  on  these  criteria,  Use  following  three  surface  treatments  were  selected  for  Use  program: 
I.  Boeing  l,‘l'l,  etch  imreess,  UAC  5514, revision  F 


*Tlio  thin-adhereiHl  wedge  test  specimen  was  not  accepted  during  Phase  II  but  was  subse- 
quently added  to  Use  program  because  of  Use  need  for  a very  inexpensive,  qualitative  test 
specimen. 
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2.  Beil  Helicopter  chromic  acid  anodize  process,  BPS  FW  4352,  revision  G 

3.  Boeing-developed  phosphoric  acid  anodize  process,  BAC  5555 

The  FPL  etch  and  the  chromic  acid  anodize  processes  have  gained  wide  acceptance  through- 
out the  industry  and  have  many  years  of  service  history.  It  should  be  noted,  however,  that 
the  FPL  etch  specified  in  the  BAC  5514,  revision  F process  includes  process  controls  and 
test  requirements  that  are  in  excess  of  those  normally  applied  in  the  industry.  This  process 
is  sometimes  called  “optimized”  FPL  etch.  The  parameters  for  the  “optimized”  FPL  etch 
have  been  submitted  to  ASTM  for  membership  approval  to  update  ASTM  standard  D2651-67 
(1973),  “Standard  Recommended  Practice  for  Preparation  of  Metal  Surfaces  for  Adhesive 
Bonding.”  The  phosphoric  acid  anodize  process  is  an  example  of  new  technology  surface 
preparation. 
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3.0  PHASE  III  RESULTS 


Specimen  configurations,  with  the  exception  of  the  thin-adherend  wedge  specimen,  and 
prebond  surface  preparations  to  be  used  in  Phase  111  were  selected  in  Phases  1 and  11.  At 
the  onset  of  Phase  111,  alloys,  adhesives,  and  test  environments  were  selected.  These  are 
listed  in  table  2 along  with  the  criteria  for  their  selection.  Details  of  processes  used  in  curing 
adhesives  and  primers  and  applying  surface  preparations  are  described  in  table  3. 

Table  2— Rationale  for  Selection  of  Materials,  Processes,  and  Test  Environments 


Subject 

Criteria 

Selection 

Materials 
Aluminum  alloys 

Representative  of  alloys  commonly  used  in 
aerospace  bonding 

2024-T3  clad  (1230  cladding  alloy) 
2024-T3  bare 

7075-T6  clad  (7072  cladding  alloy) 
7075-T6  bare 

Adhesives 

250°F  cure  current  technology 

FM  123-2  (10  mil  film  thickness) 

250°F  cure  new  technology  with  improved 
stressed  durability 

EA  9028  (10  mil  film  thickness) 

350°F  cure  now  technology  of  current 
interest  to  the  Air  Force 

AF  143  (15  mil  film  thicknoss) 
PL  729-3  (IB  mil  film  thickness) 

Primers 

250°F  use  non-ClAP  primer,  old  technology 

BR  123  for  use  with  FM  123-2 

26QF  cure  corrosion-inhibiting  adhusivo 
primer  (CIAP),  now  technology 

BR  127  for  usowithFM 
123  2 and  EA  9628 

360°F  cure  CIAP  now  technology 

EC  3917  for  use  with  AF  143 
PL  72B  for  use  with  PL  729  3 

Processus 

Metal  preboml 
surface  treatments 

Processes  that  have  gained  acceptance 
throughout  the  Industry  with  years  of 
survluo  history  . 

FPL  etch.  Boeing,  BAC  6514, 
Rev.  R 

Chromic  ucid  anodize,  Bell 
Helicopter,  BPS  FW  43-62, 
Rev.  G,  Method  IA 

Processes  that  represent  nuw  technology 
related  to  durability  performance  of 
Irondud  systems 

Phosphoric  ucid  anodize, 
Boeing,  BAC  5556 

Environments 
Warm,  wet  test 
exposure  conditions 

Representative  of  moderate  to  severe 
conditions  that  exist  in  aircraft  environ- 
ments, o.g.,  elevated  temperature  and 
high  humidity 

120'’R /condensing  humidity 
140‘F  /condensing  iiitm  idi  t y 
160  F /condensing  humidity 

Corrosive 

Corrosive  onvimnnumt 

6% salt  S|>rav  at  U'a'F 

Table  3— Detailed  Processing  Description 


Materiai/process 

Processing  details 

Adhesives 

Temperature  rise:  5-6°F/min 

Cure:  225o-250°F  for  90  min 

Pressure:  Metal  to- inetal,  50  and  100  psia 

Honeycomb,  35  psi 

FM  123  2 
EA  9628 

AF  143 
PL  729-3 

Temperature  rise:  5-6°F/min 

Cure:  340°  to  360°F  for  60  min 

Pressure:  Metal  to  metal,  50  and  100  psia 

Honeycomb,  35  psi 

Pripigts 
BR  123 

Application:  Spray 

Cure:  (Noncuring)  air  dry  a minimum  of  1 hr 

at  room  temperature 

Thickness:  Loss  than  0.0002  in.  but  visible 

Bfi  127 

Application:  Spray 

Cure:  Air  dry  1/2  hr,  then  cure  at  250°F  for  1 hr 

Thickness:  0.0001  0.0004  in. 

EC  3917 

Application:  Spray 

Cure:  Air  dry  1/2  hour,  then  cure  at  250°  F for  1 hr 

Thickness:  0.0001  0.0004  in. 

PL  728 

Application:  Spray 

Cure;  Air  dry  2 hr  minimum  at  room  temperature 

Thickness:  0.0001  0.0004  in. 

.Suite 

preparation 

1 Alkaline  clean  10  min  and  rinse  5 mm  in  tap  water,  1 10  F minimum1’ 

2 Oaonidi/o  12- 16  min  at  150°-160°F  In: 

NajCi  jOy  ' 2H.>0  - 4.1  to  12.0o>/gal 
HjS04 «C”  JE'  38.6to4l.6o;/gal 

Aluminum  (2024  lutre)  0.20  iv/yal  nl  dissolved  aluminum  minimum 
VValet  Isilamat 

3 Rinse  6 min  In  tap  Wilier  and  dry  at  I4QF  niaulmum1’ 

FPL  etch 

Chromic  acid 
ailOtllM  (Boil) 

1 Begrease  and  alkaline  clean  5 1(5  nun,  Hum  tinw 

2 Daouulife  6 10  intn  at  140  ICO  F in, 

N.iyC.r yO y ■ ?HjO  2 lo  3 svt  % 

H?S04  22  in  28  wt  % 

Water  Isifaiue 
Rinse  llioroiiulily 

3 AimkIuh  at  40  '?  V lot  3(1 36  mm  in  C IO  Wl% 
tlunnuc  acid  solution  al  66  *3  F,  rinse 

4 S“al  m ft)  1 20  ptmt  duuntiu  acid  solution  lot  7 0 nun 
at  180’  11)6  F.dty 

Phosphoric  sent 
anodiae  tUmnnui 

1 Vatuu  defpease  and  alkaline  clean  III  mmoles,  nnsar  6 
min  in  tap  water.  HO  F minimum 

2 Oenyidire  10  16  mm  al  room  temperature  ui  Anwhem  C IO 
jWWIPi„,i!al: 

Atm'liem  0 10  4 to  0 vol 
Nitiieaeid  10  to  30  w/gol 
Wat".  1st  lance 
’ se  6 mm 

3 An.ulire  in  8 12  wt  % (ilistspluti  ie  acid  Im  20  16  mm 
41  It)  * 1 V and  05  * to  06  F Rune  6 nun  in  top  svjlet 
ami  dry  al  IOOF  masimum 

JIUO  p»i  UStHl  tot  adluewul  iiCU  4SuHilt.ii.>, 
Ml  |ki  used  let  Dll  nputrs 

^uty  iuiw  ill  unlaces  timullaneoudy  ytilh  llwit 
withdrawal  tium  sulutuut 

cA(tk:ti*ii  PiodueU,  l«c„  IVuMylvamun 

**Wt  ilttl  May  W UtMi  01  t ibtMUbjyt  Slots 


3.1  NONDESTRUCTIVE  INSPECTION  (NDI)  OF  BONDED  ASSEMBLIES 

Nondestructive  inspection  of  all  bonded  assemblies  was  carried  out  prior  to  fabricating  test 
specimens.  NDI  methods  used  were  ultrasonic  tlirough-transmission  and  low-voltage  X-ray 
(25  to  50  kV),  with  selected  panels  inspected  by  neutron  radiography.  The  radiographic 
techniques  were  most  effective  in  showing  details  of  voids  and  porosity,  neutron  radiography 
being  superior  to  low-voltage  X-ray.  A discussion  of  the  correlation  of  NDI  results  with  the 
stressed  durability  results  is  presented  in  appendix  A. 

There  is  no  correlation  between  adverse  durability  and  voids/porosity  observed  by  NDI. 

3.2  VERIFICATION  OF  TEST  METHODS  (TASK  1 ) 

3.2.1  SUSTAINED-STRESS  THICK-ADHEREND  LAP-SHEAR  TESTS 


Thick-adherend  lap-shear  specimens  representing  the  four  alloys,  four  adhesives,  three  sur- 
face treatment  processes,  and  three  corrosion-inhibiting  adhesive  primers  (C1AP)  were  fabri- 
cated by  machining  specimens  (fig.  2)  from  large  area  bonded  assemblies.  Ten  specimens 
for  each  system  were  randomly  selected  and  tested  as  room-temperature  controls.  (See 
table  4.) 


Shear  strengths  for  clad  specimens  were  generally  a few  hundred  psi  lower  than  for  the 
corresponding  bare  specimens,  as  shown  in  table  4.  Shear  strengths  of  the  PL  729-3/PL  728 
system  were  lower  for  the  two  anodized  surface  treatments  than  for  the  FPL  surface  treat- 
ment, which  was  particularly  evident  on  anodized  clad  alloys.  Failure  modes  for  all  three 
surface  treatments  were  cohesive  within  the  primer.  For  the  anodized  specimens,  the  crack 
path  wus  within  the  primer  but  very  near  the  oxide  surface,  while  on  the  FPL-etched  speci- 
mens. more  primer  wus  left  on  the  adherend. 


This  phenomenon  of  reduced  shear  strengths  with  cohesive  fractures  very  near  the  oxide 
surface  has  been  observed  with  other  similar  primers  during  tests  conducted  independent  of 
this  program.  The  fracture  sturts  near  the  oxide/primer  interface  and  is  somehow  related  to 
the  thick  anodic  oxide  and  some  specific  polymer  species  in  the  primer,  since  this  strength 
reduction  wus  not  observed  with  all  350u  l*'  primer  systems.  This  phenomenon  requires 
additional  investigation  for  complete  understanding.  It  should  he  cmphusi/cd  that  the 
reduced  strength  is  not  reflected  in  reduced  environmental  durability. 


Three  specimens  for  each  system  were  loaded  at  two  different  levels  (9(H)  and  1 500  psi)  in 
the  modified  testing  fixture  (note  app.  A)  shown  in  figure  <*.  The  stressed  specimens  were 
exposed  to  a l409F/condensing  humidity  environment  for  140  days.  (The  test  period  was 
limited  by  the  contruct  duration).  One  of  the  environmental  chambers  with  loaded  fixtures 
is  shown  in  figure  7.  Time  to  failure  was  recorded  lor  those  specimens  that  failed.  Those 
tluit  did  not  fail  in  the  140-duy  period  were  tested  for  residual  shear  strength  at  room 
temperature.  Time  to  failure  and  residual  shear  strength  result's  are  given  in  tables  5,  (*.  and 
7. 
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*Standard  deviation,  S.  days  or  psi  as  applicable 

b{ } represents  number  of  specimens  for  x if  other  than  3 


Residual  shear  strengths  for  the  EA  %28/BR  1 27  system  are  typically  higher  for  specimens 
stressed  at  900  psi  than  for  those  stressed  at  1500  psi.  These  residual  strengths  tend  to  be 
equal  to  or  higher  than  the  control  shear  specimens-particularly  higher  with  the  bare  alloy. 

This  test  method  discriminates  between  adhesive  systems;  i.e.,  most  of  the  failures  occurred 
with  the  FM  1 23-2/BR  1 27  adhesive/primer  system,  some  failures  occurred  with  the  new 
technology  adhesive/primer  system  EA  9628/BR  1 27.  but  no  failures  occurred  with  either 
of  the  two  350° F cure  adhesive/primer  systems.  Surface  treatments  and  alloys  did  not  have 
a significant  effect  on  the  time  to  failure  or  the  failure  modes.  Typical  failure  modes  are 
shown  in  figure  8. 

In  conducting  this  first  task,  inconsistent  results  were  encountered  with  the  original  loading 
fixture  and  the  thiek-adherend  lap-shear  specimen.  The  problem  was  traced  to  nonaxial 
loading  of  the  test  specimen.  After  a brief  test  program,  the  loading  fixture  was  modified 
to  eliminate  the  nonaxial  loads.  The  problem  and  solution  are  presented  in  appendix  B.  , 

The  modified  loading  fixture  was  used  for  all  tests  reported. 

Conclusions  that  can  be  drawn  from  these  tests  are; 

1 . Sustained-stress  testing  of  lluck-adherend  lap-shear  specimens  will  discriminate  between 
different  adhesive/primer  systems  in  terms  of  their  stressed  durability  performance. 

2.  There  is  an  inherently  high  degree  of  scatter  in  the  time-to-failure  data  due  to  the  many 
unavoidable  variables  involved.  e.g.,  stress  level  variations,  nonaxial  loading,  specimen 
flaws,  bondline  thickness  variations  or  bondiine  flaws. 

3.2.2  SUSTAINED-STRESS  TI1ICK-ADHEREND  DCB  TESTS 

Thiek-adherend  DCB  specimens  for  each  of  the  four  alloys,  four  adhesives,  three  surface 
treatment  processes,  and  three  corrosion-inhibiting  primers  were  fabricated  by  cutting 
specimens  from  large  bonded  assemblies  and  milling  the  cut  sides  to  produce  smooth  surfaces 
(fig.  3).  tX'B  specimens  for  each  of  the  etad  alloys  were  fabricated  by  bonding  four  1/4-in.* 
thiek  plates  to  make  up  the  l-in.-tliick  specimen.  This  was  necessary  since  l/2-in.-thiek 
clad  plate  could  not  be  purchased  at  an  acceptable  cost.  The  specimens  were  shessed  by 
tightening  two  1/4-28  bolts  into  one  end  until  a displacement  of  0.10  in.  was  obtained  (tig.  3). 
This  displacement  was  chosen  for  convenience  to  standardize  specimen  configuration. 

After  waiting  t day  for  equilibrium  to  be  established,  the  tip  of  the  crack  front  created  in  the 
bondline  was  marked. 

Bairs  of  specimens  representing  each  bonded  system  were  then  placed  in  a I40  l‘7eoiulensing 
humidity  environment  for  periods  up  to  h months  and  removed  periodically  to  measure 
any  change  in  crack  tip  location.  The  data,  crack  length  front  point  of  loading  vs  time,  were 
recorded  ami  reduced  to  an  energy  term,  Cij.  or  strain  energy  release  rale.  This  is  a measure- 
ment of  the  fracture  toughness  of  the  joint  or  its  ability  to  contain  a crack  under  >itex>  in  a 
given  environment.  By  knowing  the  length  of  the  crack  from  the  |>oint  of  loading  to  the 
crack  iip,  the  displacement,  and  the  dimension*  of  the  specimen.  ti|  can  be  calculated  from 
the  following  formula  (ref.  2): 
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where 

y = displacement  at  load  point  (inches) 

a = crack  length  from  load  point  (inches) 

h = specimen  half  height  (inches) 

E = modulus  of  elasticity  of  adherends  (psi  x 1 0^) 

Plots  of  Gj  vs  exposure  time  for  each  bonded  system  are  shown  in  figure  9.  There  is  no 
significant  difference  in  durability  behavior  between  surface  treatments  and  alloys  in  terms 
of  crack  growth  equilibrium  resulting  from  the  environmental  exposure,  i.e.,  the  stress 
corrosion  cracking  threshold,  GjscC>  excePt  for  the  failure  modes  within  the  stressed  zone. 
After  opening  one  set  of  specimens  for  each  bonded  system,  it  was  observed  that  the  FPL- 
etched  specimens  had  a higher  frequency  of  adhesive  failures  within  the  stressed  zone  than 
did  the  two  anodized  treatment  specimens,  primarily  with  the  2S0°F  cure  epoxy  systems. 
This  was  not  reflected  in  the  crack  growth  data.  For  instance,  the  Gj  vs  time  data  in  figure 
9g  show  no  significant  difference  between  surface  treatments,  but  the  FPL-etched  speci- 
mens had  at  least  50%  adhesive-type  failure  in  the  area  of  crack  growth  while  the  two 
anodized  surfaces  had  less  than  5%  adhesive  failure.  The  apparent  variations  in  Gj  vs 
time  between  the  three  surface  preparations  are  within  the  normal  variations  one  would 
expect  of  this  test  method.  Typical  failure  modes  are  shown  in  figures  10  through  13. 

The  IX'B  specimens  did  not  reveal  any  significant  difference  between  the  two  250°F  cure 
epoxy  adhesives,  in  contrast  to  the  stressed  lap-shear  tests.  This  implies  that  the  combined 
Mode  l and  Mode  it  loading  of  the  lap-shear  specimen  has  a different  effect  on  the  stressed 
durability  than  does  Mode  I loading  only. 

The  more  brittle  3SG“F  cure  epoxies  were  not  as  tough  initially  as  the  250JF  cure  systems, 
but  time  in  the  environment  for  these  systems  resulted  in  little  crack  extension.  A difference 
in  the  initial  fracture  toughness  was  evident  between  the  two  350' F cure  systems,  with  the 
AF  143/UC  391 7 system  exlubiting  the  higher  values. 

'Ilte  AF  143/liC  3917  system  performed  quite  consistently  on  all  three  surface  treatments 
and  four  alloys,  whereas  the  PI.  739-3/PL  728  system  varied  considerably  in  fracture 
toughness,  particularly  with  the  two  anodized  surface  treatments  on  tire  two  clad  alloys. 

In  those  cases,  Gju  values  of  about  1 iu-'h/m2  were  achieved.  Higher  values  of  Ctja  for 
PI  729-3  were  obtained  on  bare  alloys  with  phosphoric  acid  anodize.  Failure  modes  of  tire 
PL  729-3/PL  728  IX'B  specimens  were  ail  primer -oriented,  including  the  FPL-etched  speci- 
mens. except  for  adhesive  failure  in  Ilte  stressed  area  for  some  specimens  (fig,  10),  Failure 
modes  of  the  AF  143/LC  3917  bonded  specimens  were  ail  cohesive  within  the  adhesive 
1%.  10. 
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Half  of  the  specimens  were  opened  after  20  weeks  and  the  other  half  at  the  end  of  the 
program.  Longest  exposure  times  were  86  weeks.  Extensive  crevice  corrosion  (filiform 
appearance)  occurred  in  the  unstressed  area  (posttest  zone)  of  the  bondline  after  more  than 
77  weeks’  exposure  to  140°F/condensing  humidity  for  those  specimens  bonded  with  FM 
1 23-2  adhesive  (fig.  1 2).  Comparable  specimens  bonded  with  EA  9628  adhesive  did  not 
have  corrosion  in  the  bondline  (fig.  1 3). 

The  two  350° F cure  adhesives  did  not  have  bondline  corrosion  either.  The  anodized  speci- 
mens bonded  with  the  PL  729-3/PL  728  system  did  exhibit  brittle  fracture  behavior  in  the 
pretest  and  posttest  fracture  areas,  with  the  fracture  failures  occurring  near  the  oxide  surface 
but  apparently  in  the  primer.  This  phenomenon  seemed  to  be  unique  to  the  PL  728  primer 
and  the  two  anodized  surfaces,  although  this  did  not  have  any  effect  on  the  durability  per- 
formance of  the  bond. 

Conclusions  that  can  be  drawn  from  these  tests  are: 

1 . The  stressed  DCB  specimen  does  not  discriminate  between  adhesive/primer  systems  in 
the  same  way  as  the  stressed  lap-shear  specimens;  i.e.,  the  DCB  specimens  demonstrated 
differences  in  Gj  between  the  250°F  cure  systems  and  the  350°F  cure  systems  tested, 
but  not  between  the  two  250°F  cure  adhesives. 

2.  Exposures  of  more  than  77  weeks  to  140','F/ condensing  humidity  resulted  in  a crevice- 
type  corrosion  (Aliform)  in  the  bondline  of  the  FM  1 23-2/BR  127  udlwsive/primer 
system  for  ull  surface  treatments  and  alloys  tested. 

3.  The  Mode  1 loading  caused  a brittle  fracture  to  occur  in  the  PL  728  primer  on  the 
anodized  adherent)  surfaces  in  the  pretest  and  posttcst  zones,  but  excellent  stressed 
durability  was  exhibited. 

3.2.3  FINAL  JUSTIFICATION  OF  TEST  METHODS 

Final  selection  anti  justification  of  the  test  methods  to  be  used  for  the  remainder  of  Phase  ill 
were  made  at  this  point,  based  on  the  preceding  results  and  prior  experience. 

• kfbstluw sperimen.  The  decision  to  continue  the  use  of  this  specimen 
was  based  on  the  rationale  presented  in  the  Phase  ! anti  li  study  (ref.  I ) ami  the  results 
of  the  preceding  tests,  t he  rationale  was  that  thick  adlicremis  will  transfer  shear  toads 
more  uniformly  through  the  test  bondliue  and  reduce  the  bending  moment  at  the 
loading  edge,  thereby  minimizing  large  adhesive  strains  at  this  point,  t Solution  of  the 
twinaxial  load  problem  encountered  with  this  specimen  and  the  static  loading  fixture 
as  described  in  app,  A supported  the  continued  use  of  this  specimen.)  Resuits  from 
verification  tests  also  indicated  that  differences  in  stressed  adhesive  durability  could  lie 
detected. 

• TlUvktinlltmuul  IH'H  .v/mdwen.  This  configuration  allows  a quantitative  evaluation  of 
the  fracture  toughness  characteristics  of  adhesive  systems  in  addition  to  qualitative 
information;  eqt..  adherent!  surlace/adhesive  durability  and  Umdlinc  corrosion  inter- 
actions. 


• Thin-adherend  DCB  specimen  (wedge  res/ 1. —This  configuration  was  rejected  in  Phase  II 
because  it  was  not  quantitative.  However,  it  was  subsequently  added  to  this  program 
because  of  a need  for  a simple,  inexpensive  test  specimen  that  provided  useful  quali- 
tative data. 

• Thick-adherend  SCB  specimen.  --This  specimen  configuration  was  not  included  in  the 
verification  tests  because  it  was  similar  to  the  DCB  specimen  in  many  respects,  in 
that  it  was  a self-contained,  stressed  specimen  that  could  yield  quantitative  data.  The 
configuration  :s  especially  designed  to  assess  face  sheet  and/or  core  surface  quality  and 
therefore  was  required  to  meet  the  objectives  of  the  program. 

3.3  INFLUENCE  OF  TEST  TEMPERATURE  (TASK  6) 

The  purpose  of  this  group  of  tests  was  to  determine  the  significance  of  temperature  in  con- 
junction with  water  on  the  durability  of  bonded  joints.  This  effect  was  assessed  using  the 
bonded  DCB  specimen. 

IX’ B specimens  were  fabricated  as  described  in  section  3.2.2  by  using  the  2024-T3  bare  alloy 
with  the  phosphoric  acid  anodize  surface  treatment.  The  adhesive/primer  systems  used  were 
FM  123-2/BR  127,  EA  9628/BR  127.  AF  143/EC  3917, and  PL  729-3/PL  728. 


Six  specimens  representing  each  bonded  system  were  precracked  and  exposed  to  two  environ- 
ments: 1 20“  and  l60°F/contlensing  humidity.  Data  for  the  1 40° F environment  were 
developed  in  the  tests  described  in  section  3.2.2.  Crack  growth  was  monitored  periodically, 
and  at  the  end  of  20  weeks’  exposure  two  specimens  from  each  group  were  opened  for 
visual  assessment.  The  remaining  four  specimens  from  each  group  were  opened  at  the 
conclusion  of  the  program  (8b  weeks). 


Plots  of  Gj  vs  exposure  time  to  the  three  temperatures  at  condensing  humidity  conditions  are 
shown  in  figure  14.  The  crack  containment  capability  of  the  two  250°F  cure  epoxy  systems, 
FM  1 23-2  and  EA  9(»28,  was  reduced  at  higher  temperatures  (fig.  14.  a and  h).  There  was 
some  difference  in  performance  between  these  two  adhesives,  but  the  significance  of  the 
difference  was  not  apparent  In  this  test.  The  effect  of  temperature  on  the  two  350” F cure 
adhesives  was  insignificant  in  this  test  (fig.  14,  c and  d). 


The  failure  modes  of  the  specimens  tested  in  1 20°  and  l btf'F  environments  were  basically 
the  same  as  those  shown  for  the  UU^F  tests  (figs.  10  through  13).  The  only  significant 
difference  was  the  general  absence  of  corrosion  in  the  bondline  of  those  specimens  bonded 
with  FM  1 23-2/HR  127  udhesive  when  exposed  to  1 20v’17eondensing  humidity  environment. 

The  1 40”F/ comic  using  humidity  environment  was  originally  chosen  for  the  test  method 
verification  tests,  section  3.2.  because  it  was  considered  both  a severe  environment  that 
could  shorten  tot  periods  and  also  one  that  aircraft  could  realistically  expect  to  tie  exposed 
to  during  their  service  life.  However,  the  IH’U  specimen  results  for  the  two  350” F cure 
adhesives  showed  that  temperature  dlfierenccx  between  1 20”  and  loO’F  had  no  significant 
effect  on  bond  performance. 


The  decision  was  made  to  conduct  all  further  tests  on  the  two  350°F  cure  adhesive  systems 
at  160°F/condensing  humidity.  The  rationale  was  that  these  adhesives  might  be  exposed 
to  higher  temperature  service  conditions  than  the  250° F cure  adhesive,  therefore,  the  higher 
test  environment  would  be  justified.  Testing  of  the  250°F  cure  adhesive  systems  was  con- 
tinued at  140°F/condensing  humidity  with  the  exception  of  the  salt  spray  corrosion  tests  at 
95°F. 


Conclusions  that  can  be  drawn  from  these  tests  are: 

1 . Increasing  temperature  from  1 20°  to  1 60°F  in  condensing  humidity  significantly 
reduces  the  crack  containment  capabilities  of  FM  123-2  and  EA  9628  adhesives  (250°F 
cure). 

2.  Increasing  temperature  from  1 20°  to  1 60° F in  condensing  humidity  does  not  have  any 
significant  effect  on  the  crack  containment  capabilities  of  AF  143  and  PL  729-3 
adhesives  (350°  F cure). 

3.4  EFFECT  OF  DURATION  ON  SUSTAINED-STRESS  TESTS  (TASKS  2,  3,  S.  and  10) 

The  purpose  of  this  test  series  was  to  examine  the  effects  of  longer  term  environmental 

exposure  (of  more  than  6 months).  This  section  describes  tests  using  three  specimen  config- 
urations: the  thiek-adherend  lap-shear,  the  thick-adherend  DCB,  and  the  thick-adherent! 

SC'll  for  honeycomb  durability  evaluation. 

3.4.1  THICK-ADHEREND  LAP-SHEAR  TESTS  (TASK  2) 


Thiek-adherend  lap-shear  specimens  were  fabricated  as  described  in  section  3.2.1 . The 
specimens  represented  two  alloys  (2024-T3  bare  and  clad)  and  one  surface  treatment  process 
(phosphoric  acid  anodize).  The  four  adhesive/ primer  systems  were  represented:  FM  1 23-2/ 
m 1 27.  FA  9628/HR  1 27.  AF  1 43/tiC  39 1 7,  and  PL  729-3/PL  728,  The  specimens  were 
loaded  at  1 500. 1 200, 900.  and  600  psi  using  the  modified  loading  fixture  shown  in  figure 
6,  Those  specimens  bonded  with  tire  250" F cure  adhesives  were  placed  in  1 40"  1*7 condensing 
humidity  and  those  bonded  with  tire  350" F cure  udhesive  systems  were  placed  in  l60gF/ 
condensing  humidity  cabinets. 


Timc-to-fuilure  results  and  residual  room  temperature  lap-shear  strengths  of  those  specimens 
not  failed  after  tire  9-month  exposure  period  are  shown  in  table  8.  These  results  again  show 
the  FM  1 23-2  adhesive  system  to  he  less  durable  it)  tills  test  mode  than  FA  9628  or  the  two 
350" F cure  systems.  AF  143  and  PL  729-3.  However,  the  average  time  to  failure  for  FM 
1 23-2  was  more  titan  twice  that  observed  in  the  earlier  results  (see.  3.2.1 ) for  the  1 500-psi 
stress  level.  There  was  no  identifiable  reason  for  this  difference,  as  specimens  were  cut 
from  the  same  panels,  and  the  same  loading  fixtures  and  environmental  facilities  were  used. 
Comparison  of  failure  modes  showed  the  same  cohesive  characteristics  as  those  shown  in 
figure  S for  the  same  bonded  system,  except  for  crevice  corrosion  in  boudliues  with  the 
FM  1 23-2  adhesive  system. 


No  FA  9(08  bonded  specimens  failed  during  the  9-month  exposure  period.  This  is  con- 
sistent with  the  test  results  shown  in  table  5 lor  the  same  alloys.  Also.  AF'  143  and  PL  729-3 


20 


Standard  donation,  S,  days  or  psi  as  applicable 

b(  ) represents  number  of  specimens  for  x if  other  than  6 specimens 


adhesive  systems  did  not  experience  any  failures  during  this  time  period,  even  though  the 
environmental  temperature  was  increased  to  160°F  at  condensing  humidity  conditions. 

Residual  shear  strengths  were  almost  2000  psi  lower  than  room  temperature  controls  for 
FM  123-2,  about  350  psi  lower  for  EA  9628,  almost  1000  psi  lower  for  AF  143,  and  slightly 
increased  for  PL  729-3.  The  low  residual  shear  strengths  for  FM  1 23-2  may  be  accounted 
for  in  part  by  the  presence  of  bondline  crevice  corrosion  in  many  of  the  clad  specimens. 

None  of  the  specimens  bonded  with  the  other  three  adhesives  had  any  bondline  crevice 
corrosion  except  for  trace  amounts  along  the  edges  of  several  bare  specimens  bonded  with 
EA  9628.  The  increase  in  residual  shear  strength  for  PL  729-3  adhesive  and  the  decrease 
for  AF  143  was  not  explained,  but  probably  relates  to  changes  in  rheological  properties 
as  a result  of  the  stressed  test  conditions.  There  was  no  correlation  between  the  change  in 
residual  shear  strength  and  stressed  durability  performance. 

Conclusions  that  can  be  drawn  from  these  tests  are: 

1 . The  stressed  lap-shear  test  is  capable  of  measuring  stressed  durability  differences 
between  the  two  250° F cure  systems. 

2.  To  obtain  durability  data  at  realistic  stress  levels,  long  exposure  times  are  required. 

3.4.2  THICK-ADHEREND  DCB  TESTS 
3.4.2.1  Long-Term  Exposures  (Task  2) 

IX’ B specimens  of  2024  bare  and  clad  alloys  with  the  phosphoric  acid  anodize  surface  treat- 
ment were  fabricated  using  the  four  adhesive  systems:  FM  1 23-2/BR  1 27.  HA  9628/BR  1 27, 
AF  143/EC  3917,  and  PL  729-3/PL  728.  Those  specimens  bonded  with  the  250°  and  350°F 
cure  adhesive  systems  were  exposed  to  140°  and  1 60° F/condensing  environments,  respec- 
tively. The  test  results  are  plotted  as  Gj  vs  exposure  time  in  figure  1 5.  Extending  the  expo- 
sure time  from  22  to  90  weeks  did  not  result  in  any  change  in  durability  when  assessed  on 
the  basis  of  crack  growth  only. 

Assessment  of  the  failure  modes  in  the  pretest,  test,  and  post  test  fracture  areas  revealed  the 
stone  conditions  observed  after  22  weeks  as  shown  in  figures  10  through  13  for  the  respec- 
tive specimens,  except  that  extensive  crevice  corrosion  occurred  in  the  bondlines  of  all 
specimens  bonded  with  FM  123-2  adhesive  during  the  extended  exposure  time.  However, 
tiie  G|  vs  exposure  time  data  in  figure  15a  show  no  effect  of  the  corrosion.  Given  enough 
time  the  corrosion  would  eventually  affect  the  G|  data  because  less  bond  would  be  available 
to  hold  tile  specimen  together.  If  the  corrosion  occurred  in  the  stressed  zone,  then  this 
effect  would  show  up  sooner,  hut  the  corrosion  phenomenon  is  independent  of  stress  and 
this  occurrence  would  he  random. 

Conclusions  that  can  be  drawn  from  these  tests  are  : 

l.  The  results  agree  with  the  earlier  verification  test  results:  i.e..  the  test  method  did  not 
discriminate  between  the  two  250°  F cure  udltesivc/primers.  FM  1 23-2/BR  1 27  ami 


EA  9628/BR  1 27,  but  did  discriminate  between  G]  for  these  two  systems  and  the 
two  350° F cure  adhesive/primers,  AF  143/EC  3917  and  PL  729-3/PL  728. 

2.  The  long-term  exposure  resulted  in  bondline  crevice  corrosion  of  the  FM  1 23-2/BR  1 27 
adhesive/primer  system. 

3.4.2.2  Comparison  of  CIAP  Primer  and  Non-CIAP  Primer  (Task  3) 

DCB  specimens  were  fabricated  from  two  alloys,  2024-T3  bare  and  clad;  two  surface  treat- 
ment processes,  phosphoric  acid  anodize  and  chromic  acid  anodize;  one  adhesive,  FM  1 23-2; 
and  two  adhesive  primers.  BR  1 27  - a corrosion-inhibiting  adhesive  primer  (CIAP),  and 
BR  1 23— a non-corrosion-inhibiting  adhesive  primer  (non-CIAP).  The  stressed  specimens 
were  exposed  to  140°F/condensing  humidity  for  over  80  weeks.  Results  of  the  test  are 
shown  in  figure  16  and  17. 

Comparing  those  specimens  with  CIAP  primer  to  those  with  non-CIAP  primer  on  phosphoric- 
acid-anodized  surfaces  (fig.  1 6a).  there  is  an  indication  that  the  non-CIAP  primer  slightly 
lowers  the  equilibrium  Gj.  There  is  good  agreement  between  tire  previous  data  shown  in 
figure  1 5a  and  tlte  data  in  figure  1 6a  for  the  additional  tests.  Failure  modes  in  all  specimens 
were  cohesive  with  the  exception  of  extensive  bondline  crevice  corrosion  in  the  unstressed 
areas  with  both  primers. 


The  performance  of  the  two  primers  on  chromic-acid-anodized  surfaces  is  shown  in  figure 
1 6b.  The  non-CIAP  primer  on  anodized  2024-T3  clad  surfaces  failed  adhesively  on  all  six 
specimens  in  a matter  of  a few  hours  resulting  in  Gj  of  less  than  I . whereas  the  same  bonded 
system  on  2024-T3  bare  alloy  and  the  CIAP  primer  on  the  two  alloys  did  not  delaminate. 
Crevice  corrosion  was  evident  on  all  specimens  in  the  unstressed  bonded  area  with  both 
primers.  Examples  of  the  failed  specimens  after  posttest  fracture  are  shown  in  figure  1 7. 

Conclusions  that  cun  be  drawn  from  these  tests  are; 


I . The  interactions  between  adherend  surfaces  and  primers  in  the  presence  of  stress  (Mode 
I)  and  water  can  Ik*  evaluated  by  IX’B  tests. 


Bondline  crevice  corrosion  with  FM  1 23-2  adhesive  is  independent  of  primer  type  and 
surface  treatment. 


3.4.3  HONEYCOMB  SCU  TESTS  (TASKS  5 AND  10) 


Honeycomb  specimens  of  the  configuration  shown  in  figure  5 were  fabricated.  Specimens 
were  stressed  by  torquing  two  bolts  on  each  end  of  each  specimen  to-ucquire  a displacement 
of  0.08  in,  I bis  cantilevered  the  l/2-in.  face  sheet,  causing  a crack  to  propagate  to  an  arrest 
point  at  the  interface  between  the  face  sheet  and  test  honeycomb  core. 


Materials  and  processes  used  in  the  fabrication  of  these  specimens  ate  listed  in  table  I he 
honeycomb  cores  selected  for  these  tests  represent  three  stages  oi  technology  development. 
The  phosphoric-add  anodized  core  represents  the  newest  concept,  with  a surface  treatment 
dial  enhances  adhesion  and  bond  durability  but  requires  an  organic  coating  for  corrosion 
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protection.  The  Dura-Core  and  CR  III  core  (corrosion-resistant  cores)  represent  the  current 
industry  standard  technology  with  good  corrosion  protection  and  bondability.  The  standard 
core  represents  the  technology  of  the  1 960's. 


Table  9.— Materials  and  Processes  Used  for  Single  Cantilever 
Beam  (SCB)  Specimens 


Honeycomb  core 

Face  sheet 
surface  preparation 

Adhesive/primer  system 

Phosphoric  acid 
anodized  standard 
core 

Phosphoric  acid  anodize 

EA  9628/BR  127 

FM  123-2/BR  127 

AF  143/EC  3917 

Chromic  acid  anodize 

EA  9628/BR  127 

FM  123-2/BR  127 

AF  143/EC  3917 

Dura-Core-Corrosion 
resistant  (American 
Cyanamid  Co.) 

Phosphoric  acid  anodize 

EA  9628/BR  127 

FM  123-2/BR  127 

AF  143/EC  3917 

Chromic  acid  anodize 

EA  9628/BR  127 

FM  123-2/BR  127 

AF  143/EC  3917 

CR  III  Core-Corrosion 
resistant  (Hexcel  Corp.) 

Phosphoric  acid  anodize 

EA  9628/BR  127 

Standard  core 

Phosphoric  acid  anodize 

EA  9628/BR  127 

Specimens  bonded  with  FA  %2<S  and  FM  i -3-2  adhesives  (250°F  cure)  were  exposed  to 
I40ui7condensing  humidity  environment.  Specimens  lumdcd  with  AF  14.1  adhesive  (,150rtF 
cure)  were  exposed  to  1 60°  17 condensing  humidity  environment.  Periodically,  specimens 
were  removed  from  the  environments  and  changes  in  crack  length  recorded. 

(‘rack  extension  data  lor  each  of  the  three  adhesive  systems  and  combinations  of  honeycomb 
core  and  surface  treatments  to  I -year  exposure  are  shown  in  figure  I N.  Crack  extension  data 
for  those  specimens  bonded  with  the  FA  %28/Dl<  1 27  system  sli  nv  that  phosphoric-acid- 
anodized  core  and  face  sheet  produced  the  shortest  crack  extensions,  hence  the  lust  environ- 
mental durability.  Essentially  no  adhesive  failure  of  the  corc-to-fillet  bonds  occurred  in  tlte 
lest  zone  of  these  specimens.  Failure  inodes  in  the  pretest  and  |u»st test  zones  were  lOU'.J 
cohesive  within  the  fillets  and  there  was  no  evidence  of  moisture  iienctralion  into  the 
unstressed  urea.  (See  fig.  I da.)  ( t he  1 40" F/condensing  humidity  environment  causes  the 
color  of  the  FA  %2«S  to  change  from  a medium  green  to  a light  green  in  the  exposed  adhe- 
sive; therefore,  the  adhesive  sealed  in  the  pusltcst  zone  remains  a darker  green  color  if  it 
lias  not  ken  exposed  to  moisture. 
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Specimens  that  had  phosphoric-acid-anodized  core  and  chromic-acid-anodized  face  sheets 
produced  longer  crack  extensions  but  with  the  same  failure  modes  as  with  the  preceding 
specimens.  Examination  of  the  posttest  area  showed  that  either  the  crack  had  extended 
farther  than  the  measured  crack  tip  on  one  of  the  specimens  or  moisture  had  penetrated  into 
the  cells  of  the  posttest  zone  (fig.  19b). 

The  other  EA  9628  bonded  specimens  representing  combinations  of  standard  core,  Dura- 
Core,  and  CR  III  core,  with  the  various  face  sheet  surface  preparations,  exhibited  50%  or 
more  adhesive  failure  of  the  core-to-fillet  bond  in  the  test  zone.  The  standard  core  resulted 
in  100%  adhesive  failure  and  the  longest  crack  extension.  Examination  of  the  EA  9628 
adhesive  in  the  posttest  zone  of  all  the  above  combinations  showed  evidence  of  complete 
moisture  penetration  into  this  zone.  Also,  the  failure  modes  in  the  posttest  zone  ranged  up 
to  60%  adhesive  in  core-to-fillet  bonds.  A typical  example  of  the  effect  of  moisture  is 
shown  in  figure  1 9c,  and  a comparison  of  figure  1 9c  with  figures  1 9a  and  1 9b  illustrates  this 
observation. 

Crack  extension  data  for  those  specimens  bonded  with  the  FM  123-2/BR  1 27  system  showed 
the  core  and  face  sheet  combination  of  phosphoric  acid  anodize  to  have  the  shortest  crack 
extension  accompanied  by  almost  100%  cohesive  failure  of  the  core-to-fillet  bond.  The 
combination  of  phosphoric-acid-anodized  core  and  chromic-acid-anodized  face  sheets  resulted 
in  longer  crack  extensions,  but  with  the  same  failure  modes  as  the  phosphoric-acid-anodized 
core  and  face  sheets.  There  was  nothing  obviously  different  between  the  two  that  would 
explain  the  spread  between  the  two  sets  of  data.  The  combinations  of  Dura-Core  with 
phosphoric-acid-anodized  and  chromic-aeid-anodized  face  sheets  resulted  in  about  50% 
adhesive  failure  of  the  core-to-fillet  bond  in  the  test  area,  with  slightly  longer  crack 
extensions  than  the  specimens  with  phosphoric-acid-anodized  core  and  face  sheets. 

Failure  modes  in  the  posttest  zone  of  all  specimens  bonded  with  FM  1 23-2  were  100% 
cohesive  in  the  fillet.  Assessment  of  moisture  penetration  into  this  area  was  not  possible 
since  FM  1 23-2  did  not  exiiibit  any  obvious  color  change  resulting  from  exposure  to  I40°F/ 
condensing  humidity. 

A general  observation  of  all  SCB  specimens  bonded  with  the  FM  1 23-2/BR  127  system 
showed  that  the  adhesive  fillets  to  the  cores  were  very  small  much  smaller  thun  the  fillets 
formed  by  the  EA  %28/llR  1 27  system.  This  may  account  for  the  longer  initial  crack 
lengths  and  the  tighter  grouping  of  data  of  the  FM  1 23-2  bonded  specimens  compared  to  the 
data  from  the  EA  9028  bonded  specimens. 

Crack  extension  data  for  the  specimens  bonded  with  the  AF  1 43/EC  3917  system  show  very 
little  spread  between  the  different  combinations  of  core  and  face  sheet  surface  preparations. 
Assessment  of  the  failure  modes  in  the  test  zone  revealed  that  the  specimens  with  phosphoric- 
acid-anodized  core  luul  about  It)'5*  adhesive  failure  of  the  core-to-fillet  bond,  but  the  speci- 
mens with  Dura-Core  exhibited  more  than  50*7  adhesive  failure  of  the  core-to-fillet  bond, 
Failure  modes  in  tire  post  test  zone  of  all  specimens  were  1 00f‘>  cohesive,  with  no  evidence  of 
moisture  penetration  into  this  area.  AF'  1 43  changes  color  after  exposure  to  l bt)° I *7  eon- 
densiug  humidity,  going  from  light  brown  to  dark  brown. 


A general  comment  relating  to  all  the  SCB  specimens  representing  all  three  adhesives  tested 

is  that  there  were  no  instances  of  adhesive  failure  to  any  of  the  face  sheets. 

Conclusions  to  be  drawn  from  this  study  are: 

1 . SCB  specimens  with  phosphoric-acid-anodized  standard  core  and  face  sheets  exhibited 
the  best  environmental  durability  with  all  three  adhesive  systems  tested. 

2.  The  corrosion-resistant  cores  (Dura-Core  and  CR  111  core)  were  intermediate  and  the 
standard  core  exhibited  the  poorest  environmental  durability  with  the  250° F cure 
adhesive  systems  tested. 

3.  The  thick-adherend  SCB  specimen  offers  a semiquantitative  and  qualitative  means  of 
assessing  the  stressed  durability  performance  of  honeycomb  core  adhesive  face  sheet 
bonds. 


3.5  CYCLIC  STRESS  TESTS  (TASKS  4 AND  8) 

3.5.1  THICK-ADHEREND  LAP-SHEAR  CYCUC  LOAD  TESTS 

3.5.1 .1  Tests  at  0.8  cph  and  10  cph  (Task  4) 

Thick-adherend  lap-shear  specimens  were  subjected  to  cyclic  loading  at  two  slow  frequencies 
and  four  stress  levels  while  exposed  to  140°  or  1 60°  1*7 condensing  humidity.  The  two  cyclic 
load  frequencies  used  are  shown  in  figure  20.  The  Bell  cycle.  1 hour  at  maximum  load 
(fmux)  and  1/4  hour  at  minimum  load  (fn,jn)  was  developed  by  the  Bell  Helicopter  Company, 
Fort  Worth,  Texas  (ref.  3).  The  Boeing  cycle.  4 minutes  at  fmax  and  2 minutes  at  fmjn,  was 
selected  as  a frequency  that  would  be  significantly  faster  than  the  Bell  cycle,  yet  allow 
enough  time  for  some  polymer  relaxation  at  ('max 1UU'  fmin* a,u* s,il1  he  compatible  with 
the  test  equipment.  The  four  stress  levels  of  fnwx  were  1500, 1 200. 000.  and  hOO  psi.  The 
•min  Hires**  equaled  zero  for  all  cases.  The  rate  of  load  application  and  release  was  rather 
fust  in  all  cases,  less  than  2 seconds  from  fmj„  to  fmax. 

The  test  machine,  shown  in  figure  21 . functioned  by  raising  and  lowering  a dead  weight 
cantilevered  on  a beam.  The  test  specimens  were  stressed  individually  in  chambers  that  pro- 
vided condensing  humidity  at  the  specified  temperatures. 

These  tests  evaluated  FA  l'(>28/BR  1 27  anil  AF  143/FC*  3‘M7  adhesive  systems,  2024-13 
clad  and  bare  aluminum  alloys,  and  phosphoric  acid  anodize  (UAC  5555)  surface  treatment. 
The  specimens  were  exposed  to  |40°l7eondensing  humidity  and  IbtfF/condeusing  humidity 
for  the  FA  %28/BR  127  and  AF  143/liC  30 17  adhesive  systems,  respectively. 

Data  for  those  specimens  bonded  with  the  FA  %28/IIK  1 27  adhesive  system  and  tested  at 
the  two  loading  fretpieneies  are  shown  in  table  10.  Data  for  the  specimens  bonded  with 
AF  143/Ft'  3*>l  7 adhesive  system  are  shown  in  table  1 1 . The  data  are  presented  as  cycles 
and  time  to  failure  for  those  specimens  that  failed  or  as  residual  shear  strength  at  cumulative 
cycles  for  those  specimens  lliat  did  not  fail  during  the  lest  period. 
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'{  ) represents  number  of  specimens  if  other  than  ! 
’One  specimen  not  included  because  of  premature 
failure  due  to  void  in  bondline 


‘‘Standard  deviation,  S 

**(  ) represents  number  of  specimens  if  other  than  5 
cMetal  fatigue  failure  at  loading  holes 


Failure  modes  of  all  specimens  were  1 00%  cohesive  in  the  center  of  the  bondline,  as  shown 
in  figure  22.  Several  specimens  fabricated  with  2024-T3  clad  alloy  had  some  crevice 
corrosion  undercutting  the  bondline  of  both  adhesives  (e.g.,  fig.  22a);  however,  the  amount 
of  corrosion  apparently  did  not  affect  the  time-to-failure  data.  The  same  filiform  corrosion 
phenomenon  was  observed  in  the  bondlines  of  DCB  specimens  bonded  with  FM  1 23-2/ 

BR  1 27  adhesive  system  after  extended  exposure  to  140°F/condensing  humidity,  as  reported 
in  sections  3.2.2  and  3.4.2. 

A summary  of  the  failure  data  of  tables  10  and  1 1 is  shown  in  figure  23.  This  shows  the 
spread  between  the  failures  at  0.8  and  10  cph  for  the  two  adhesive  systems.  The  slower  Bell 
cycle,  0.8  cph,  is  much  more  damaging  than  the  faster  10-cph  cycle.  Failures  occurred  only 
at  1 500  psi  with  the  AF  143/EC  391 7 system  tested  at  0.8  and  10  cph.  This  comparison 
with  the  EA  9628/BR  1 27  system  demonstrates  the  improved  stressed  durability  characteris- 
tics of  the  3S0°F  curing  AF  143. 

The  following  conclusions  may  be  drawn; 

1 . The  slow  Bell  cycle.  0.8  cph.  is  more  damaging  per  cycle  for  the  two  adhesive  systems 
tested  than  is  the  1 0-cpli  Boeing  cycle. 

2.  The  AF  143/EC  391 7 adhesive  system  is  more  durable  in  cyclic  tests  than  the  EA  9628/ 
BR  1 27  adhesive  system. 

3.  Cyclic  loading  produces  failures  much  faster  than  does  static  load  testing. 

3.5.1 .2  Tests  at  1 800  cpm  (Task  8) 

The  thick -adhorend  lap-shear  specimens  used  in  this  series  of  tests  differed  only  in  that  the 
ends  of  the  specimens  were  not  notched,  which  facilitated  mounting  in  the  SF-l-U 
Wiedemann  Baldwin  fatigue  machines.  All  tests  were  run  at  1800  cpm  at  a stress  rutio.  R, 
of  0.06  (R  = fm{n/f|nux).  Maximum  stresses.  fmax,  ranged  from  2000  to  3300  psi.  Speci- 
mens were  tested  in  tour  environments;  75®  1*7  laboratory  humidity  (20%  to  30%  1.  75® F/ 
wet.  l4Q9F/dry  (less  than  10%).  and  1 40® F/ wet.  Specimens  were  not  preconditioned  before 
testing  in  the  wet  environments. 

Specimens  tested  in  the  four  environments  were  2024-T3  Imre  alloy  bonded  with  the  FA 
9628/BR  1 27  adhesive  system.  Two  surface  treatments  were  incorporated:  phosphoric 
acid  anodize  (BAC  5555)  and  chromic  acid  anodize  (Bell  process).  Additional  specimens  of 
7075-1 6 hare  alloy  using  the  same  adhesive  and  surface  preparations  were  tested  in  the 
1 40® VI wet  environment. 

The  specimen  arrangement  in  the  SF-l-U  fatigue  machine  with  the  chamber  for  producing 
the  NO'I'/wct  environment  surrounding  the  specimen  is  shown  in  figure  24.  The  test  results 
for  the  four  environments  and  specimen  combinations  are  shown  in  figure  25.  High  stress 
levels  were  used  to  develop  the  S-N  curves  within  reasonable  time  periods,  Comparing  these, 
data  witit  tbe  slow  cyclic  data  of  figure  23  shows  that  far  less  damage  occurs  per  cycle  at 
1800  cpm  titan  at  the  slow  cyclic  rates. 


Failure  modes  are  different  when  eompared  to  the  slow  cyclic  rates,  as  shown  in  figures  26 
and  27.  The  fingernail-shaped  area  is  the  crack  front  that  propagates  from  the  load  transfer 
edge  until  the  remaining  bond  fails.  The  failure  mode  within  the  fingernail  area  is  very  near 
the  metal  oxide  surface  and  appears  to  be  at  the  adhesive-primer  interface.  This  is  schema- 
tically shown  in  figure  26a.  This  failure  mode  is  different  from  those  observed  with  the  slow 
cycle  tests,  which  were  all  in  the  center  of  the  bond  suggesting  a creep-rupture-type  failure. 
The  fast-cycle  fatigue-induced  failure  shows  evidence  of  what  could  be  termed  fatigue 
striations  (fig.  28). 

Some  of  the  specimens  that  were  chromic  acid  anodized  failed  early.  (See  figs.  25b  and  25e.) 
These  specimens  were  characterized  by  a different  failure  mode  (fig.  26b).  In  these  cases, 
the  fingernail-shaped  area  had  substantial  areas  of  an  oxide-oriented  failure. 

Conclusions  drawn  from  these  tests  are: 


1. 


The  high-frequency  cyclic  load  tests.  1 800  cpm,  are  much  less  damaging  to  the  bondline 
per  cycle  than  the  low-frequency  tests. 


2.  Bonds  to  chromic-acid-anodized  surfaces  result  in  occasional  oxide  failures  at  the  stress 
levels  and  cyclic  load  frequency  used. 


3. 


Increasing  the  test  temperature  from  7?g  to  1 40°  F shortens  the  fatigue  life  of  the 
bonded  systems  tested.  The  presence  or  absence  of  water  did  not  seem  to  have  an 
effect  at  either  temperature.  (The  test  duration  was  less  than  2 days,  possibly  not 
allowing  sufficient  time  for  the  water  to  affect  the  mechanical  properties  of  the 
adhesive.  Hud  specimens  been  preconditioned  to  a moisture  equilibrium  condition, 
results  miuht  have  been  different.! 


4.  Failure  modes  suggest  a fatigue  failure  of  the  adhesive  at  or  near  the  adhesive-primer 
interface.  In  contrast,  the  slow  cyclic  tests,  0,8  and  10  cph.  suggest  a creep-rupture* 
type  failure  where  the  failure  is  entirely  in  the  center  of  the  bond.  There  was  no  evidence 
that  phosphoric  acid  anodized  surfaces  adversely  influenced  the  fatigue  behavior  of  lap 
shear  specimens.  However,  there  was  some  evidence  that  chromic  add  anodized 
surfaces  did  Influence  the  specimen  fatigue  behavior.  When  tested  at  1800  cpm,  some 
specimens  with  chromic  add  anodized  surfaces  exhibited  decreases  in  fatigue  Hie 
apparently  as  a result  of  oxide-initiated  failures. 

3.5.2  TIIICK-ADIILRLNU  DCU  CYCLIC  LOAD  Tli STS  (TASK  8) 


Thick  adherend  IX “It  specimens  were  stressed  under  cyclic  loads  by  alternating  the  displace- 
ment at  the  load  points  from  0 to  0.20  in,  To  acquire  the  dynamic  aspects  of  cyclic  loading, 
clevises  were  pinned  through  the  end  of  the  specimens  using  | ?4-iu.  pins  instead  of  the  Wwqued 
bolts  shown  in  figure  3.  This  loading  arrangement  is  shown  tn  figures  20  and  30  m Ute  tvyo  , 
different  test  apparatus  used.  - - 

Specimens  were  fabricated  rtf  202443  and  7075-Ti*  bare  aluminum  alloys',  phosphoric 
acid  anodize,  chromic  add  anodize,  and  IT*I,  etch  surface  treatments;  and  FA  %2sl|IR  1 27 
adhesive  system.  Uomled  specimens  consisting  of  2024*1 3 bate-  alloy  surface  treated  with 
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phosphoric  acid  and  chromic  acid  anodize  were  tested  in  four  environments:  75°F/wet  and 
dry  and  1 40°F/wet  and  dry.  Those  specimens  of  2024-T3  bare  alloy  and  FPL  etch,  as  well 
as  those  of  7075-T6  surface  treated  with  phosphoric  acid  and  chromic  acid  anodize,  were 
tested  in  140°F/wet  environment  only.  The  reason  for  this  was  that  surface  treatment 
interactions  were  most  important  for  these  specimens,  and  a warm,  wet  environment  is  the 
most  discriminating. 

Tests  were  conducted  at  three  cyclic  frequencies:  1800  cpm,  10  cpm,  and  0.8  cph.  The 
1800-cpm  frequency  was  sinusoidal  in  nature  to  simulate  the  standard  fatigue  test  frequency 
and  was  obtained  using  an  electric  motor  turning  a flywheel  with  an  eccentrically  located 
pin. 


The  10-cpm  frequency  represented  3 seconds  at  full  load  or  displacement  and  3 seconds  at 
zero  load.  The  0.8-cph  frequency  was  the  Bell  cycle  described  earlier:  l hour  at  full  load 
and  1/4  hour  at  zero  load.  The  two  latter  frequencies  and  load  profiles  were  obtained  by  a 
timer  operating  pneumatic  cylinders.  Hnvironmental  exposures  in  this  case  were  obtained 
by  immersing  the  specimens  in  water  for  the  wet  environment  or  in  an  oven  for  the  140°F/ 
dry  environment . 


For  each  test  condition,  specimens  were  opened  to  0.20  in.  and  closed  at  the  prescribed 
frequency.  Specimens  were  removed  from  test  at  intervals  dictated  by  loud  frequency  and 
crack  growth  rate,  and  the  change  in  crack  growth  was  marked  and  recorded.  These  data 
provided  crack  growth  vs  cycle  information  from  which  plots  of  da/dN  vs  AG  were  obtained. 
Calculation  of  AGj  is  done  in  the  same  manner  as  described  in  section  3.2.2,  using  equation 
(0: 

yhi\?  |3(a  +0.610“  + 

(I) 


h“l 


^*1  ” 16  |(a  + 0.6h)^  + air)" 


Since  the  displacement,  y.  is  being  cycled  between  0.20  and  0 in,.  AGj  varies  between  Gj,nus 
and  G|min.  where  Gjm|n  ® 0 and  Gjl)WX  is  incrementally  reduced  with  each  increase  in  crack 
length. 


The  incremental  change  in  crack  length  per  cycle.  da/dN.  is  obtained  from  the  data  by 
plotting  crack  length  vs  cycles  on  log-log  paper  and  determining  the  slope,  m.  of  the  curve  ut 
significant  points.  The  slope,  m.  Is  determined  from  the  relationship: 

log  a K in  log  N + logt*  (2) 

when-  m Is  the  slope,  a h the  crack  length.  N is  the  number  of  cycles,  and  C‘  Is  the  intercept 
crack  length  at  log  N ■ 0 |N  “ 1 i.  From  equation  1 2): 

a a C‘tN»,M  r3) 

Differentiating  yields: 
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Then  da/dN  is  determined  from  equation  (4)  and  plotted  vs  AGj  on  log-log  paper. 

The  results  for  the  different  alloy,  surface  treatment,  cyclic  frequency,  and  environment 
combinations  are  shown  in  figure  31 . From  the  1800-cpm  frequency  tests,  it  was  possible 
to  determine  a threshold  point,  AGjth,  which  is  that  point  at  which  a crack  no  longer 
propagates. 

The  plots  show  characteristic  S-shaped  curves.  This  shape  is  also  typical  for  monolithic 
metallic  materials.  In  these  curves,  the  upper  right-hand  section  of  the  curve  (i.e.,  high  AGj 
and  high  crack  growth  rate)  represents  the  point  where  the  initial  crack  is  generated  in  the 
specimen  and  it  comes  to  some  arrest  point,  Gja,  at  zero  cycles. 

As  the  load  is  reduced  to  y = 0 and  back  to  ymax  = 0.20  in.  the  crack  will  move  forward  by 
some  incremental  amount.  With  each  cycle.  G|jnax  becomes  less  as  the  crack  grows  until  the 
crack  growth  per  cycle  approaches  zero  or  AGjtpj,  which  is  represented  by  the  bottom  left 
portion  of  the  curves;  G|mjn  is  equal  to  zero  in  all  tests. 

In  all  of  the  tests  run  at  1 800  eptn,  a threshold  was  established  which  was  between  a AGj 
of  1 .0  to  1 .5  for  tests  run  at  room  temperature/dry  and  wet,  and  between  a AGj  of  0.5 
and  0.75  for  tests  run  at  140°F/dry  and  wet. 

The  tests  run  at  10  cpm  were  in  general  agreement  with  the  1800-cpm  curves.  However, 
thresholds  were  not  established  at  10  cpm  because  of  time  constraints. 

The  test  run  at  0.8  eph  produced  longer  cracks  per  cycle  than  either  of  the  faster  cyclic  rates 
at  the  same  AGj.  Less  data  were  collected  for  these  tests  because  of  the  very  slow  cycle  and 
the  long  test  times  involved.  In  all  the  plots  of  da/dN  vs  AG.  the  response  in  fatigue  followed 
trends  similar  to  those  observed  by  Mostovoy  and  Ripllng  for  bonded  joints  (ref.  4).  even 
though  Mostovoy  used  a different  specimen  configuration,  as  well  as  a different  method  of 
obtaining  data.  His  threshold  AG|  | jj  values  ranged  from  0.3  to  2.8  in-lb/in-  for  several 
different  commercial  adhesives  tested  in  several  environments,  as  compared  to  0.5  to  1 .6 
for  FA  %28  tested  in  this  program. 

Failure  modes,  with  few  exceptions,  were  100'T  cohesive  failure.  The  da/dN  plots  arc  there- 
fore representative  of  adhesive  properties  ami  not  system  properties.  Figure  32  shows 
typical  failure  modes  for  several  environments.  load  frequencies,  and  bonded  systems.  Two 
exceptions  are  noted; 

1 . One  of  the  ehromie-aeidsmodi/ed  specimens  showed  a rapid  drop  in  crack  containment 
capability  (AG|  of  O.ftS  in-lb/ln-)  after  having  reached  an  apparent  AG| TH  of  about  1 .5 
(fig.  31a).  Hxaminaiion  of  the  failure  showed  adhesive  or  intra-oxide  failure  in  tlte  area 
where  rapid  crack  growth  (tad  occurred  (fig.  3 2d), 

2.  Another  cliromic-ucid-anodized  specimen  exhibited  the  same  adhesive  failure  in  the 
same  area  of  the  specimen  (fig.  32ei.  Ilowcvct . in  this  ease  theie  was  no  obvious 
increase  in  crack  growth  rale  or  decrease  in  AG|  j j|  due  to  this  change  in  failure  mode. 
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Conclusions  that  may  be  drawn  from  these  tests  are: 

1 . Cyclic  loading  of  DCB  specimens  is  more  damaging  to  the  stressed  bondline  than  is 
static  stress  loading  at  the  same  stress  level. 

2.  There  is  a threshold  level,  AGjt^,  at  which  the  crack  no  longer  propagates;  AGj-pu  at 
140°F  is  0.5  to  0.75,  which  is  about  half  of  AGjt^  at  750F  (1 .0  to  1 .6)  for  the  adhesive 
system  examined. 

3.  The  Bell  cycle  (0.8  cph)  is  more  damaging  per  cycle  than  the  1 0 and  1 800-cpm  cyclic 
rates. 

4.  Testing  in  a water  environment  at  75°  or  140°F,  without  preconditioning  of  the  speci- 
mens, produced  the  same  results  as  dry  conditions  for  the  test  durations  involved. 

5.  The  test  method  is  of  value  in  that  it  can  identify  a property  of  an  adhesive,  AGjth, 
which  relates  to  its  behavior  under  dynamic  loading. 

6.  The  magnitude  of  AGjjh  for  the  adhesive  tested  is  in  the  same  range  as  that  observed 
for  aluminum  alloys. 

7.  There  was  no  evidence  that  phosphoric  acid  anodized  surfaces  adversely  influenced  the 
fatigue  behavior  of  1X'B  specimens.  However,  there  was  some  evidence  that  chromic 
acid  anodized  surfaces  did  influence  the  fatigue  behavior.  When  tested  at  1 800  cpm, 
some  specimens  with  chromic  acid  anodized  surfaces  exhibited  a 507"  reduction  in 
Gjth.  apparently  as  a result  of  oxide-initiated  failures. 

3.6  DURABILITY  TESTING  IN  SALT  SPRAY  (TASK  9) 

The  purpose  of  this  task  was  to  identify  the  effects  of  a very  corrosive  environment  on  bond* 

lines  of  different  bonded  systems.  These  system  variations  included  clad  and  bare  alloys. 

surface  treatments,  adhesive  primers,  and  adhesives.  The  various  combinations  are  shown  in 

table  1 2.  The  test  specimen  configuration  used  for  these  tests  is  shown  in  figure  4. 


Toblo  12.-Botidment  Variables  for  Salt  Spray  Tests 


Surface  treatments 

Alloys 

Adhesive/primer  system 

Phosphoric  acid  anodize 
Chromic  acid  anodize 
FPL  etch 

2024-T3  clad 

FM  123'2/UR  127 
FM  123  2/BR  123 
EA  0G28/BR  127 

2024T3  bare 

FM  123'2/OR  127 
FM  1232/BR  123 
EA  0628/BR  127 

707BT0  clad 

EA  9G28/UR  127 

707STG  lute 

EA  9G28/0R  127 

Five  specimens  were  fabricated  for  each  of  the  bonded  systems.  The  specimens  were  then 
placed  in  a salt  spray  environment  of  5%  NaCl  at  95°F.  The  change  in  crack  length  of  each 
specimen  was  recorded  periodically.  At  the  end  of  1 month,  one  specimen  was  randomly 
selected  from  each  bonded  system  and  opened  for  visual  inspection  of  the  bondline  condition 
both  in  the  stressed  zone  (crack  tip  zone)  and  in  the  unstressed  zone.  This  same  procedure 
was  carried  out  after  2, 3,  6,  and  1 2 months  when  the  last  specimen  was  removed  from  test. 

The  average  crack  lengths  and  the  bondline  appearance  at  the  end  of  each  time  period  are 
shown  in  tables  13, 14,  and  15,  and  figure  33.  The  data  in  the  tables  are  the  averages  of 
five  wedge  specimens  for  intervals  to  30  days  and  the  averages  of  the  remaining  specimens 
for  each  interval  thereafter.  This  procedure  sometimes  resulted  in  a decrease  in  the  average 
crack  length. 

Two  basic  differences  in  durability  of  the  bonded  systems  tested  were  apparent  in  these  tests. 
First,  the  crack  growth  data  showed  that  some  of  the  bonded  systems  resulted  in  poor 
stressed  durability  performance  as  characterized  by  large  crack  growths  after  relatively  short 
exposure  times  (1  to  30  days).  These  specimens  also  showed  adhesive  failure  modes  in  the 
crack  growth  zone.  These  systems  were  ( 1 ) the  FM  1 23-2/BR  1 23  system  bonded  to  2024-T3 
clad  and  bare  alloys  which  were  chromic  acid  anodized  or  FPL  etched,  and  (2)  the  EA  %28/BR 
127  system  bonded  to  eliromie-acid-anodized  2024-T3  clad  alloy  and  FPL  etched  7075-T6 
clad  alloy. 


The  second  basic  difference  in  durability  performance  was  the  corrosion  phenomenon  which 
occurred  randomly  in  the  bondline,  stressed  or  unstressed,  starting  at  an  edge.  This  difference 
was  not  apparent  in  the  crack  growth  rate  data.  The  crevice  corrosion  was  dominated  by  clad 
dissolution  because  of.  the  sacrificial  nature  of  cladding.  Although  bondline  crevice  corrosion 
occurred  in  all  the  clad  alloy  bonded  systems  tested,  the  prebond  surface  treatment  has  a 
definite  effect  on  the  progress  of  clad  dissolution;  i.e.,  the  anodize  surface  treatments  retard 
the  dissolution  rate  significantly,  which  Is  particularly  true  in  those  systems  that  use  BR  1 27 
(ClAP)  primer.  The  phosphoric  acid  anodize  performed  slightly  better  than  the  chromic 
acid  anodize  in  this  regard. 

Hmnlline  crevice  corrosion  was  also  evident  with  the  bare  alloys,  but  to  a far  lesser  degree 
than  with  the  clad  alloys.  Most  boiullino  corrosion  of  bare  alloys  occurred  with  those  that 
were  FPL  etched,  and  was  more  pronounced  on  7075-16  bare.  There  was  essentially  no 
bond  line  crevice  corrosion  of  bare  alloys  that  were  phosphoric  acid  unodi/cd. 

C onclusions  that  can  be  drawn  from  these  results  are  as  follows; 

1 . The  phosphoric  acid  anodize  process  provides  markedly  Improved  stressed  bond  joint 
durability  and  retards  bondline  crevice  corrosion  in  severely  corrosive  environments 
when  compared  to  two  other  state-of-the-art  surface  preparation  processes. 

2.  Stressed  bond  joint  durability  is  markedly  affected  by  the  ndherend  probond  surface 
treatment  and  the  ailheslve/prlmer  system  in  contact  with  it,  l itis  is  evidenced  by  the 
poor  performance  of  FM  1 23-2/BR  1 23  (non-C'lAPj  adhvsive/primer  system  on  FPL* 
etched  and  ehroinie-acid-aiiodi/vd  2024-T3  clad  ami  bare  ami  the  better  performance 
of  the  same  systems  when  UU  1 27  (C  lAP)  is  substituted  for  BR  1 23  (noiK'lAP). 


f»  £ 

<3  ■D 

•f  ID 

*8  5 

TO 

1.84 

1.64 

1.48 

1.73 

1.47 

1.62 

1.66 

1.57  : 

& £ 

< -g 

+ M _ 

*°S2S 

1.62 

1.68 

1.48 

1.55 

1.47 

1.64 

1.53 

1.57 

ao  + Aa5 
90  days 
(c) 

1.50 

1.56 

1.43 

1.56 

1.46 

1.59 

1.54 

1.59 

*T 

re  ui 

< 5 

+ T3 

0 o 3 

<v  to  a 

1.53 

1.57 

1.53 

1.60 

1.46 

1.59 

1.65 

1.58 

ao  + Aa3 
30  days 
(a) 

1.49 

1.54 

1.52 

1.55 

1.44 

1.58 

1.63 

1.60 

CN 

TO 

< £ 
+ (0 


?CQ  CD  LD 
in  in  lo 


to  a 

rs  o 

r-  O 

r-  r» 

!*>  in 

U)  If) 

f—  T— 

$3  3 5, 


•5  *3  a 

5 88 


■a  £ ■a  £ 

iS  S JS  g 

U JO  U JO 
^ j in  in 

S3  SB 

M N P*  l*» 


sips 

1 ! I I 


! | 
I 2 


< < < < 6 


*»  -> 


w 

to  > 

<3  D 
+ in 

ra°^s 

T3  *U 
C C 

2.20 

2.31 

2.47 

2.46 

O 

1 ~ 

<D  v> 

TO  > 

<3  3 
+ co  _ 

O CO  -Q 
«3  rCi 

“O  o 
•Q  -Q 
tfl  w 

‘*5  ^ 

*TO  TO 

*-»  W 
O 0 

H H 

1.53 

2.08 

2.20 

1.94 

Total  disbi 
1.94 

ao+Aa5 
90  days 
(0 

3.66 

3.66 

1.53 

1.63 

1.77 

1.73 

3.03 

1.88 

TO  tft 

< s 
+ -0  ___ 
O O *Q 

CO  (0  =S 

3.50 

3.74 

1.50 

1.65 

1.76 

1.72 

3.42  . 

1.88 

CO 

TO  t/i 

< s- 

+ -a 

O S *TO 
TO  <0  ^ 

3.56 

3.53 

1.48 

1.57 

1.62 

1.62 

3.55 

1.90 

CN 

TO 

< £ 

4-  TO 

J>S3 

< D CO 

oi  ch 

CO  CO 

1.45 

1.50 

^ CM 

in  in 

T—  T- 

1.73 

1.69 

f- 

TO 

a + £ 
o 

1 day 
(a) 

2.64 

2.95 

1.35 

1.41 

1.40 

1.46 

1.52 

1.53 

-S3 


3 ^ ^ ~ ~ 


o vn  co  ® 


§ E 1 B 

•I '§ 1 1 

s f Ji 

® 2 § o 

e £ fi  H 

0 O O -3  | 

1 ft  ft  i ! 

ill 

< < < < o 

« fi  U « D 


V 


3.  The  wedge  test  method  is  discriminating  and  provides  a relative  ranking  tor  many  of 
the  parameters  that  affect  bond  joint  durability. 

4.  The  data  confirm  that  clad  aluminum  in  the  bondlines  is  undesirable  under  severely 
corrosive  conditions. 

3.7  LAB  TEST/IN  SERVICE  CORRELATION  (TASK  7) 

The  purpose  of  this  task  was  to  attempt  to  establish  a correlation  between  test  results  derived 
from  laboratory-prepared  specimens  and  service  performance.  Two  groups  of  bonded  aircraft 
details  were  used  in  this  study.  The  first  group  was  from  commercial  aircraft  and  the  second 
from  Air  Force  aircraft.  Most  of  the  details  employed  in  this  study  had  demonstrated  poor 
bond  durability  resulting  from  service  operations;  i.e.,  bondlines  had  varying  degrees  of 
delamination  and  corrosion.  Test  specimens  were  fabricated  from  those  areas  of  the  bonded 
details  where  the  original  bond  was  still  intact. 

3.7.1  DURABILITY  TESTING  OF  COMMERCIAL  AIRCRAFT 

Details  consisting  of  metal-to-metal  bonds  representing  skin,  doubler,  and  triplet*  configura- 
tions from  four  commercial  aircraft  were  examined  in  the  first  part  of  this  task.  They  were 
identified  as  aircraft  A,  B.  C\  and  D,  where  aircraft  A and  ('  had  delamination  and  varying 
degrees  of  corrosion,  and  aircraft  B and  D had  panels  that  did  not  exhibit  any  bond  problems 
in  service.  Fracture  tests  (wedge  type),  lap-shear  tests  (sustained-stress  and  room-temperature 
controls),  porta-shear  tests,  and  peel  tests  were  conducted  on  specimens  prepared  from  these 
bonded  details. 

Table  ! b lists  the  materials  of  each  aircraft  detail,  the  total  flight-hours  accumulated  at  the 
time  of  removal  from  the  aircraft,  and  the  visual  condition  of  the  detail, 


Table  16.— Commercial  Aircraft  Bonded  Details 


Aircraft 

Alloy 

Surface 

preparation 

Adheslvu/primor 

Fliyht  hours 

Comments 

2Q24T3 

clad 

FPL  eleh 

AF  12G/EC  2320 

CG00* 

Extensive  delumirtation  of 
skindoubler  bond.  Some  in 
doubler  triplet  bond.  Mild 
corrosion. 

B 

2024T3 

clad 

FPl  etch 

AF  12G/EC  2320 

SQOQ* 

No  bond  dutammation  or 
corrosion. 

C 

2024T3 

clod 

FPL  utel* 

FM  123  2/UH  123 

0000* 

Extensive  delamination  ol 
sWiMloubler.  Extensive 
corrosion. 

D 

2024T3 

CUxI 

FPL  etch 

FM  1232/Urt  123 

3000* 

No  IhmuI  dutammation  or 
corrosion. 

Specimen  configurations  for  tiie  specific  tests  for  each  aircraft  are  shown  in  figures  34 
through  37.  Specimen  configurations  varied  from  the  standard  test  specimen  configurations 
depending  on  detail  configurations  and  whether  or  not  stiffening  doublers  were  required  for 
specimen  symmetry.  In  those  cases  where  stiffening  doublers  were  used,  the  doublers  were 
bonded  to  the  aircraft  details  as  wide-area  bonds  using  a 250° F cure  modified  epoxy,  and 
the  test  specimens  were  then  cut  to  the  configuration  shown. 

Table  1 7 presents  results  of  lap-shear,  porta-shear,  peel  and  wedge  tests  for  the  aircraft  details, 
along  with  a description  of  the  associated  failure  inodes.  Even  though  the  details  from  two 
aircraft  had  exhibited  delamination  in  service,  tiie  conventional  test  results  indicated  that  the 
remaining  bonded  areas  were  still  acceptable  in  terms  of  mechanical  properties. 

Titne-to-failure  results  of  stressed  lap-shear  specimens  machined  from  details  of  aircraft  A 
and  B are  shown  in  figure  38,  The  test  results  do  not  predict  the  inservice  performance  of 
either  structure,  since  the  two  details  from  aircraft  A had  experienced  delamination  in 
service  and  the  two  from  aircraft  B had  not. 


The  wedge  test  results  for  these  two  aircraft,  shown  in  figure  39  clearly  show  that  aircraft  B 
had  a more  durable  bond.  (Note,  however,  that  the  wedge  test  specimen  configuration  is 
different  between  the  skin-doubler  bond  and  the  doubler-tripler  bond,  and  between  aircraft 
A and  B.  figs.  34  and  35,  which  accounts  for  the  difference  in  initial  crack  lengths.)  The 
specimen  configurations  are  nonconventional  and  the  results  cannot  he  compared  on  a one- 
to-one  basis  with  results  from  conventional  wedge  test  specimen  configurations. 

A bonded  metal-to-metal  section  cut  from  aircraft  ('  detail  is  shown  in  figure  40.  The  photo 
identifies  the  areas  where  various  tests  were  conducted,  us  well  as  an  area  where  delamination 
and  corrosion  occurred. 


The  panel  was  first  inspected  using  ultrasonic  through-transmission  C-scan  to  confirm  the 
boundaries  of  delamination.  Next,  an  electrodynamic  proof  load  test  to  2000  psi  was  con- 
ducted in  an  area  adjacent  to  the  delamination  and  in  another  area  well  away.  Porta-shear 
tests  were  conducted  in  and  around  the  douglmut-shnpcd  proof-loaded  areas,  as  well  as  at 
other  random  spots  on  the  panel.  The  large  areas  for  wedge  test  specimens  ami  peel  speci- 
mens were  cut  from  the  panel  and  appropriate  doublers  bonded  to  one  or  both  sides  as 
shown  in  figure  36.  Test  specimens  were  then  cut  from  these  areas  as  indicated. 


Porta-shear  and  peel  results  are  shown  in  table  1 7 and  wedge  test  results  are  shown  in  figure 
41 . A typical  wedge  test  specimen  and  a typical  peel  test  specimen  after  completion  of  testing 
are  shown  in  figure  42.  The  wedge  test  specimen  xhihited  cohesive  failure  in  the  pretest  and 
post  test  fracture  zones,  whereas  in  the  test  area  extensive  adhesive  failure  occurred.  With  the 
particular  specimen  shown,  the  porta-shear  button  which  Itad  first  seen  a 20U0-psi  proof  load 
followed  by  the  5100-psi  porta-shear  attempt  without  failing  has  easily  delaminated  under 
the  combination  of  stress  and  i 2lfJl-7comlensing  humidity  environment.  The  peel  specimen 
exhibited  excellent  peel  strength  plus  100*4  cohesive  failure.  However,  when  water  was 
introduced  at  the  hondlinc.  the  failure  immediately  went  to  the  interface,  and  adhesive 
failure  occurred. 
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Only  wedge  test  specimens  were  fabricated  from  aircraft  D.  These  results  are  shown  in  table 
17  and  figure  42.  The  failure  modes  were  all  100%  cohesive  in  the  pretest,  test,  and  posttest 
fracture  zones,  confirming  the  lack  of  bondline  delamination  and  corrosion  after  several  years 
of  service  exposures. 

Conclusions  from  these  tests  are: 

1 . Conventional  state-of-the-art  tests  (e.g.,  lap-shear,  peel,  porta-shear)  do  not  predict 
service  durability  performance. 

2.  The  wedge  test  shows  a good  correlation  between  the  service  performance  of  aircraft 
panels  and  related  wedge  test  specimen  performance  in  the  laboratory. 

3.  Sustained-stress  lap-shear  time-to-failure  tests  do  not  correlate  with  the  related  aircraft 
details  and  their  service  performance. 

3.7.2  DURABILITY  TESTING  OF  AIR  FORCE  AIRCRAFT 

Bonded  panels  representing  C-141 , C-5A,  F-5,  and  T-38  aircraft  were  collected  from  scrap 
bins  at  McClellan,  Travis,  and  Nellis  Air  Force  Bases.  Two  types  of  panels  were  selected: 

(1)  panels  that  had  obvious  bondline  delamination  and  (2)  panels  that  visually  had  good 
bonds  and  were  scrapped  for  other  reasons.  The  aircraft  type,  a description  of  each  panel, 
and  the  materials  of  construction  are  identified  in  table  1 8.  Of  the  three  adhesive  systems 
identified,  two  were  250°  F cure  systems  (AF  1 1 1 and  FM  123-2)  and  one  was  a 350° F cure 
system  (FM  61). 

No  service  history  was  available  nor  were  part  numbers  present  on  most  of  the  parts,  so 
their  identify  is  based  on  the  type  of  part  (e.g.,  spoiler,  access  door,  etc.)  and  its  location 
on  tire  aircraft. 

Most  of  the  panels  were  of  honeycomb  construction  with  tapered  closeouts.  A typical 
example  is  shown  in  figure  43  and  u sketch  of  a typical  cross  section  is  shown  in  figure  44. 

Test  specimens  were  fabricated  from  the  metal-to-metal  closeout  areas  or  any  suitable  metal- 
to-metui  faying  surface  where  the  bond  still  appeared  to  be  in  good  condition.  Stiffening 
doublers  of  appropriate  thicknesses  were  bonded  to  the  selected  metal-to-metal  areas,  so 
that  specimens  of  the  desired  configurations  could  be  cut  from  them.  The  test  specimen 
configurations  are  shown  in  figure  45. 

Because  of  the  poor  condition  and  tack  of  much  metal-to-metul  bonded  areas  on  most  of  the 
panels,  not  all  the  desired  specimens  could  be  obtained.  The  wedge  test  configuration  took 
priority  over  the  others  because  of  its  simplicity  when  only  a few  test  specimens  could  be 
fabricated  from  a panel.  Therefore,  only  the  wedge  test  results  represent  ail  of  (lie  panels 
listed  in  table  18. 

Durability  test  environments  were  I40°l7eondensing  humidity  for  the  25l)°F  curing  AF'  1 1 1 
and  FM  1 23-2  adhesive  systems  and  I blfF'/condensing  humidity  for  the  350°  F curing  FM  (»! 
adhesive.  Wedge  test,  thick-adhercnd  IX'B,  and  thick-adhcrend  lap-shear  specimens  under 
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sustained  stresses  were  exposed  to  these  environments.  The  sustained-stress  level  for  lap-shear 
specimens  was  1500  psi.  Climbing  drum  peel  and  thiek-adherend  lap-shear  specimens  for 
residual  bond  strengths  were  conducted  at  room  temperature. 

Room-temperature  climbing  drum  peel  and  thick-adherend  lap-shear  results  are  shown  in 
table  1 9.  The  peel  results  for  AF  1 1 1 are  variable,  which  is  characteristic  of  AF  111.  The 
lowest  strength  of  42  in-lb/in  suggests  a possible  durability  problem  with  the  wing  panel. 

This  was  verified  in  the  wedge  test  results  where  extensive  crack  extension  occurred 
(fig.  46a). 


Table  19.— Residual  Room  Temperature  Peel  and  Shear  Strength- 
Air  Force  Aircraft  Bondments 


Aircraft 

Part  description 

Adhesive 

system 

Peel 

strength3, 

in.-lb/in. 

Shear 

strength3, 

psi 

C-141 

Upper  wing  panel  outboard  of 
life  raft 

AF  111 

78 

c2420 

Upper  wing  panel  1 

AF  111 

78 

Upper  wing  life  raft  door 

AF  111 

144 

Wing  panel 

AF  111 

42 

Upper  wing  access  door 

AF  lit 

123 

1730 

F*5 

Outboard  trailing  edge  1 

FM  61 

12 

1078 

Outboard  trailing  edge  2 

FM  61 

1 

I 

I960 

T-38 

Outboard  wing  trailing  edge 

FM  61 

9 

4766 

C-5A 

Aileron  closeout  door 

FM  123-2 

bG0 

c1920 

“Specimen  replication  h 1 
^Specimen  replication  is  12 
cMuia!  failure 


I'M  61  typically  has  low  mctal-to-metal  peel  strengths,  hut  the  9 ami  1 2 imlh/in  values  are 
about  half  of  typical.  The  average  peel  of  (>0  lor  the  FM  1 2.1-2  is  normal  for  this  material. 

Wedge  test  results  for  AF  1 1 1 homhnents  are  shown  in  figures  46a  ami  46b.  The  low  dura- 
bility results,  figure  46b, correlate  welt  with  the  panel  condition  since  disbond  was  evident. 
The  wedge  test  crack  growth  area  faded  adhesively. 

The  results  shown  in  tigure  46a  do  not  correlate  as  well  since  the  crack  extensions  of 
specimens  from  the  wing  panel  ami  upper  wing  liferaft  door  indicate  that  p<»or  service  per- 
formance could  be  expected.  However,  the  panels  had  not  yet  disbonded  in  service. 


4.1 


Specimens  from  the  third  panel  (upper  wing  panel  between  5 and  6 spoilers)  showed  marginal 
but  slow  crack  extension  over  the  test  period,  which  may  show  a correlation  with  its 
satisfactory  service  performance  to  the  time  of  panel  removal.  All  specimens  exhibited 
adhesive  failure  in  the  test  area.  ' 

Wedge  test  results  for  those  details  that  were  bonded  with  the  FM  61  adhesive  are  shown  in 
figure  46c.  The  one  detail  from  the  T-38  had  evidence  of  delamination  and  corrosion  in  the 
metal-to-metal  bonded  areas,  and  the  wedge  test  specimens  correlated  well  with  the  poor 
bond  durability  in  service.  The  two  F-5  trailing  edge  details  had  no  apparent  bond  service 
problems,  and  the  wedge  test  results  showed  a marked  improvement  in  bond  durability  as 
compared  to  the  T-38  detail.  This  difference  must  account  for  the  differences  in  service 
durability  performance.  The  failure  modes  in  the  Aa  crack  growth  zone  for  the  F-5  speci- 
mens were  adhesive,  however  -an  undesirable  condition.  The  relative  inservice  times  for 
these  components  are  not  known. 

Wedge  test  results  from  a C-5A  detail  and  a T-38  detail  bonded  with  FM  1 23-2  adhesive  are 
shown  in  figure  46d.  The  C-5A  detail  appeared  to  have  never  been  on  an  airplane  and  had  no 
bond  delamination,  whereas  the  T-38  detail  had  obviously  been  in  service  but  had  no  bond 
delamination.  The  wedge  test  results  indicated  that  both  details  should  have  inadequate 
service  durability. 

Sustained-stress  lap-shear  results  for  those  details  bonded  with  AF  1 1 1 and  FM  61  adhesives 
are  shown  in  figure  47,  A correlation  between  the  as-received  detail  condition,  wedge  test 
results,  and  the  results  shown  in  figure  47  is  not  obvious.  Large  voids  were  present  in  the 
specimen  from  the  wing  panel  detail,  possibly  causing  early  failure  of  the  lap-shear  specimen. 
Only  one  specimen  represents  each  of  the  aircraft  details:  therefore,  there  is  no  indication  of 
scatter  for  each.  Bused  on  the  sustained-stress  results  presented  in  sections  3,2.1  and  3.4.1 , 
one  would  normally  expect  considerable  scatter.  In  comparing  the  FM  61  adhesive  sustained- 
stress  shear  results  to  the  respective  wedge  test  results,  there  seems  to  be  a consistent  trend; 
however,  the  question  of  scatter  would  be  present  here  also.  The  failure  mode  would  be 
the  best  indicator,  l itis  was  the  situation  with  the  test  results  from  the  commercial  uirplunc 
(sec.  3.7.1). 

Thick -adherend  DCB  test  results  are  shown  in  tuble  20  The  results  are  expressed  hi  terms  of 
(»|.  strain  energy  releuse  rate.  For  the  AF  1 1 1 adhesive,  the  initial^rack  length  varied  con- 
siderably. resulting  in  t*j  initial  values  between  18  and  1 .7  in-lb/hr.  it  seems  to  be  a charac- 
teristic of  lids  adhesive  system  that  a broad  range  of  CJ|i(  values  is  produced.  A value  of  1 8 
in-lb/hr  Is  near  but  less  titan  (ijc.  whereas  1 ,7  in-lb/hr  is  at  or  near  the  lower  IkhiiuIs  oftij, . 
Upon  exposure  to  1 4(fFY  condensing  humidity.  Uj  dropped  to  relatively  low  values,  consistent 
with  the  wedge  test  results.  The  large  variation  in  Uj.,  may  he  In  pan  a characteristic  of 
AF  1 1 1 , as  demonstrated  in  the  variable  peel  results  shown  in  table  Id. 

DCB  specimens  with  I'M  61  adhesive  again  yielded  results  consistent  with  the  detail  condition 
and  the  wedge  test  results. 


Conclusions  are  as  follows: 


1 . Conventional  state-of-the-art  tests  (e.g.,  lap-shear,  peel,  porta-shear)  do  not  predict 
service  durability  performance. 

2.  The  Mode  I fracture  tests  (i.e.,  wedge  test  and  DCB  test)  show  a reasonable  correlation 
between  service  panels  that  have  delaminated  interfacially  (adhesive  failure)  and  poor 
test  specimen  exposure  performance. 

3.  Sustained-stress  lap-shear  tests  do  not  correlate  well  with  the  related  aircraft  detail  and 
its  service  performance. 
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4.0  PHASE  IV,  SPECIMENS  FOR  OUTDOOR  EXPOSURE 


The  purpose  of  Phase  IV  was  to  use  the  information  generated  in  this  program  to  provide 
test  specimens  representing  the  most  durable  bonded  metal-to-metal  and  sandwich  construc- 
tion for  Air  Force  use.  These  specimens  are  to  be  tested  by  the  Air  Force  in  long-term 
outdoor  testing  at  locations  to  be  determined. 

The  materials  and  processes  selected  for  the  Phase  IV  specimens  and  bonded  panels  are 
shown  in  table  2 1 . 


Table  21  .—Materials  and  Processes  for  Phase  IV  Specimens 


Adherends 

Surface  preparation 

Core  material 

Adhesive/primer 

2024-T3  bare 

Phosphoric  acid  anodize 
per  Boeing  process 
specification  BAC  5555 

Phosphoric  acid 
anodize  and/or 
Dura-Coro/CR  ill  core 

250° F Cure 
EA  9628/BR  127 

350°F  Cure 
AF  143/EC  3917 

5.0  DISCUSSION 


The  preceding  sections  provided  the  experimental  information  for  the  various  test  methods 
used  in  this  program,  the  test  results,  an  interpretation  of  the  results,  and  conclusions  based 
on  the  specific  tests.  The  following  discussion  is  intended  to  make  broader  assessments  and 
to  provide  a means  of  tying  together  the  significant  results  of  the  program. 

5.1  STRESSED  DURABILITY  TEST  METHODS 

The  primary  objective  of  this  program  was  to  determine  a sound  method  of  evaluating 
stressed  durability  of  adhesively  bonded  structural  materials.  This  objective  was  achieved, 
but  a single  method  is  not  sufficient  to  evaluate  the  relative  durability  performance  of  the 
total  system.  At  least  two  different  types  of  test  specimens  are  necessary  to  develop  the 
information  needed  to  make  a judgment  concerning  relative  durabilities  of  materials  and 
processes  incorporated  in  a bonded  joint. 

Two  basic  loading  modes  were  studied.  Mode  1 and  combined  Mode  1 and  Mode  II.  each 
under  a sustained  or  cyclic  stress.  Each  loading  mode  measured  different  aspects  of  durability. 
For  example,  combined  Mode  I and  Mode  11  loading  (lap  shear  specimens)  demonstrated  a 
significant  difference  in  durability  between  the  two  250° F cure  adhesive  systems,  FM  1 23-2 
and  FA  %2X,  whereas  Mode  l loading  results  did  not  suggest  this  difference.  Both  loading 
modes  did  show  a difference  in  durability  behavior  between  the  250QF  cure  adhesive  systems 
and  the  350° F cure  adhesive  systems. 

The  reasons  for  these  differences  in  loading  mode  dependent  results  are  not  clearly  under- 
stood. However.  Mode  l loading  concentrates  strains  in  a relatively  small  volume  of  adhesive. 
This  is  compounded  by  the  constraints  placed  on  this  volume  when  a thin  low-modulus 
material,  the  adhesive,  is  sandwiched  between  higher  modulus  materials,  the  aluminum. 

Mode  I loading  emphasizes  interfacial  weaknesses  by  concentrating  strains  at  that  interface. 

Mode  II  loading  spreads  the  strains  over  a much  larger  volume,  which  results  in  lower  unit 
strains.  The  use  of  combined  loading  modes,  with  Mode  II  us  primary,  is  more  characteristic 
of  actual  designs. 

A warm,  wet  environment  is  common  in  aircraft  service.  This  program  verified  that  testing 
in  warm,  wet  environments  is  mandatory  to  assess  environmental  durability  of  the  250" I* 
cure  systems.  The  situation  with  the  350" F cure  systems  is  not  as  clear,  since  generally  those 
systems  showed  excellent  durability  in  all  of  the  tests. 

Two  environmental  interactions  need  to  be  considered  the  interface  reaction  between  the 
adhesive-udherend  with  the  environment  (i.e.  adherend  surface  treatment  influence)  and  the 
adhesive  bulk  property  effects.  The  interface  weakness  when  subjected  to  stress  and  water 
has  been  identified  as  a major  contributor  to  bonding  problems  experienced  in  service, 
whereas  environmental  effects  on  adhesive  bulk  pr  perties  has  not  been  a problem  in  current 
design  applications. 
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Bulk  properties  of  adhesives  in  this  discussion  relate  primarily  to  their  rheologocal  properties. 
For  instance,  an  adhesive  being  cycled  at  a given  strain  level  may  experience  viscoelastic 
behavior  in  a dry  environment,  but  may  revert  to  viscous  flow  behavior  when  exposed  to  a 
wet  environment.  The  behavior  of  adhesives  under  a sustained  or  cyclic  strain  is  time  depen- 
dent, and  the  critical  behavior  will  relate  to  the  time  under  a critical  strain  level  as  has  been 
shown  by  the  creep-rupture-type  failures  observed  in  the  stressed  durability  tests  of  lap  shear 
specimens.  This  means  that  the  standard  mechanical  properties  tests,  e.g.,  lap  shear  and 
peel,  which  are  routinely  conducted,  will  not  be  indicative  of  the  stressed  durability  behavior 
of  that  material. 

For  future  applications,  the  durability  aspects  of  adhesive  bulk  properties  must  be  under- 
stood, but  not  at  the  expense  of  understanding  the  adhesive/adherend  interface  durability 
sufficiently.  A much  higher  reliability  factor  of  bonded  joints  is  necessary  for  primary 
structural  applications,  particularly  when  mechanical  fasteners  are  eliminated  as  the  alternate 
load  path. 

For  the  maximum  reliability  of  a bonded  joint,  it  is  preferable  that  the  adhesive  bulk 
properties  be  the  controlling  factor  in  determining  the  limitations  of  the  joint,  i.e.,  the 
weakest  link  in  the  joint  should  be  the  adhesive  rather  than  the  adhesive/adherend  interface. 
This  is  for  the  benefit  of  the  designer,  who  should  be  able  to  use  his  design  manual  to  select 
the  adhesive  with  those  bulk  properties  best  suited  for  his  needs  without  having  to  be  con- 
cerned with  the  effects  of  surface  preparation,  oxide  structure,  and  alloy  on  the  bond  dura- 
bility of  his  design.  The  necessity  to  understand  the  durability  aspects  of  the  adhesive  bulk 
properties  is  obvious.  The  question  remains,  however,  as  to  what  are  the  most  realistic  ways 
to  determine  these  properties. 

Cyclic  loading  is  characteristic  of  service,  and  the  cyclic  loads  imposed  on  specimens  in  this 
program  proved  to  be  far  more  damaging  to  the  bond  than  the  static  loads.  This  was  true, 
for  both  loading  modes. 

For  combined  Mode  I and  Mode  11  loading,  the  failure  modes  were  the  same  for  steady-state 
and  the  two  slow  cycles  evaluated  ilOand  0.8  eph),  The  nature  of  the  failure  (cohesive)  and 
the  conditions  under  which  they  were  loaded  (i.e.,  warm/wet  environments),  as  well  as  being 
under  a sustained  stress  long  enough  for  some  amount  of  creep  deformation  of  the  adhesive 
to  occur,  suggest  the  failure  mechanism  to  be  one  of  creep-rupture.  Water  that  has  diffused 
into  the  polymer  matrix  plasticizes  it  to  the  extent  that  relaxation  under  stress  occurs  as  the 
matrix  molecules  slip  past  each  other  and  in  doing  so  causes  some  breakage  of  crosslinking 
bonds.  With  each  cycle,  more  damage  occurs  until  gross  rupture  occurs. 

The  specific  cyclic  load  profile  affects  the  amount  of  damage  that  occurs  with  each  cycle. 
Work  done  by  Hell  Helicopter  Company  (ref. .0, describes  their  rationale  for  selecting  the 
cyclic  load  frequency  of  I hour  loaded.  1/4  hour  unloaded.  Briefly.  Ilielr  findings  were  that 
it  typically  takes  longer  for  the  adhesive  to  creep  under  load  than  to  relax  when  loud  is 
removed.  Some  adhesives  reach  creep  equilibrium  quickly  (e.g..  1 5 minutes)  and  some  require 
longer  times  (e.g..  .1  hours).  One  hour  under  load  was  selected  as  a time  element  that  would 
encompass  most  of  the  observed  adhesive  creep  deflections.  The  shorter,  unloaded  period 
was  established  using  the  same  criteria,  since  most  relaxation  occurs  within  a 1 5-minulc 
period. 
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By  increasing  the  frequency  to  10  cph,  or  4 minutes  loaded  and  2 minutes  unloaded,  the 
amount  of  damage  per  cycle  was  less,  indicating  that  the  amount  of  creep  and/or  relaxa- 
tion was  not  sufficient  to  induce  maximum  damage.  Had  the  specimens  been  presaturated 
in  their  respective  environments,  it  is  quite  possible  that  the  damage  per  cycle  would  have 
been  greater.  Stress  level  will  also  affect  the  degree  of  damage,  and  there  should  be  a thres- 
hold stress  for  any  temperature/humidity  condition  below  which  no  damage  would  occur 
during  a loading  cycle. 

Another  important  factor  to  be  considered  is  tire  rate  at  which  load  is  applied  and  removed. 
For  instance,  a cycle  for  pressurization  of  a fuselage  would  take  several  minutes  and  a similar 
time  period  to  depressurize.  The  effect  of  load  application  rate  was  not  evaluated  in  this 
program. 


The  high-frequency  load  cycle,  1 800  cpm,  caused  failures  to  occur  in  a manner  different 
than  the  two  slow  frequencies.  Whereas  the  slow-frequency  failure  modes  suggested  a creep- 
rupture-type  failure,  the  1800-cpm  cycle  failure  modes  suggested  a fatigue  crack  propagation 
mechanism.  The  crack  initiated  at  the  load  transfer  edge  and  propagated  at  a 45°  angle 
through  the  bondline  until  it  was  stopped  by  the  higher  modulus  surfaces  on  the  opposite 
side  (fig.  26).  Subsequent  propagation  was  at  or  near  the  primer-adhesive  interface,  and 
fatigue  st nations  appeared  to  be  present.  This  crack  growth  behavior  appears  analogous  to 
Stage  l and  Stage  II  fatigue  crack  propagation  in  aluminum  alloys. 

Tire  1800-cpm  loading  rate  apparently  does  not  allow  the  creep-relaxation  phenomenon  to 
occur,  thereby  not  allowing  a creep-rupture  failure  to  take  place.  This  indicates  that  the 
environmental  aspects  are  dominating  for  the  slow  load  frequencies  and  that  mechanical 
aspects  of  fatigue  dominate  the  fast  loading  frequency. 

l est  conditions  that  could  have  enhanced  the  mechanical  fatigue  aspect  were  ( I ) stress  levels 
were  much  higher  for  1800-cpm  tests  (2200  to  3500  psi  vs  1500  psi  maximum  for  the  slow 
cycles)  and  (2)  water  absorption  into  the  adhesive  matrix  was  probably  not  significant 
because  of  the  very  short  test  periods  involved  te.g..  I to  2 days),  not  allowing  the  same 
degree  of  plasticization  to  occur  as  with  the  slow  cycle  tests,  Future  tests  of  this  type 
should  include  presoaking  the  specimens  4 to  6 months  in  the  respective  environments. 

Mode  I cyclic  loading  caused  cracks  to  grow  within  the  bondlines  at  much  lower  loads  than 
under  noncyclic  conditions.  The  slow  Hell  cycle  resulted  in  faster  crack  growth  rates  than 
did  the  intermediate  ( 10-cpm)  and  the  fast  1 1800-cpm)  cycles.  Failure  modes  for  all  three 
frequencies  were  I <)()'>  cohesive  in  the  center  of  the  bond.  These  specimens  were  not 
presoaked  in  the  respective  test  environment. 

A threshold.  Cij-qj,  was  established  at  the  1 800-cpm  frequency,  which  was  about  one-tenth 
of  that  observed  tor  noncyclic  conditions:  (J|  j u is  the  point  at  which  a crack  will  no  longer 
grow.  This  point  was  not  established  at  the  slower  frequencies  because  of  the  short  test 
duration.  Further  work  should  Ik>  carried  out  to  establish  t»|  | ||  for  the  slow  cycles  as  well 
as  for  different  adhesive  systems  (e.g..  the  more  brittle  oSO'F  cure  systems). 
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This  same  effect  occurs  in  metals  such  as  aluminum.  Mostovoy  showed  a comparison  of 
da/dN  vs  A Gj  results  for  other  commercial  adhesives  bonded  to  aluminum  to  da/dN  vs  A Kj 
results  for  aluminum  alloys  by  converting  AGj  of  the  adhesives  to  AKj  by  using  the 
relationship: 

AKj  = AGj  E 

where  E is  the  elastic  modulus  for  aluminum,  psi  x 10^. 

This  comparison  showed  that  the  fatigue  resistance  of  adhesives  in  a joint  is  comparable  to 
that  of  aluminum  alloys  at  low  values  of  da/dN.  A similar  comparison  is  shown  in  figure  48 
where  the  nominal  range  of  da/dN  vs  AKj  for  the  aluminum  alloys  presented  in  Mostovoy's 
work  (ref.  4)  is  plotted  as  da/dN  vs  AG|  and  compared  to  the  room-temperature  da/dN  vs 
AGj  results  for  those  bonded  specimens  tested  in  this  program.  Also  on  the  same  plot  are 
data  from  Hartman,  et  ah;  Wei,  et  ah;  and  Hyatt  (ref.  5),  where  AKj  was  converted  to  AGj 
using  the  relationship  described  above. 

The  establishment  of  Gpr^  for  bonded  joints  is  important  because  it  should  be  possible  to 
relate  this  parameter  to  the  fracture  characteristics  of  combined  Mode  I and  Mode  11  loading. 
The  existence  of  this  threshold  point  in  Mode  l loading  suggests  that  if  the  Mode  I load 
was  less  than  Gj-p^,  then  a Haw  would  never  grow.  This  also  suggests  that  there  should  be  a 
Mode  11  threshold  or  G|jjp|  for  cyclic  loading.  However,  as  previously  mentioned,  most 
typical  bond  joints  are  eccentrically  loaded  and  have  combined  Mode  1 and  Mode  II  loads. 
The  combined  effect  of  Modes  1 and  11  may  result  in  thresholds  that  are  different  than  they 
are  by  themselves;  e.g..  Possibly  could  be  less  when  in  the  presence  of  Gjj  shear.  This 
is  an  area  that  warrants  further  research  since  it  could  lead  to  some  practical  design 
considerations. 


S.2  LONG-TERM  ENVIRONMENTAL  EFFECTS 

Exposures  greater  than  ft  months  are  necessary  to  evaluate  bond  durability.  Both  the  stressed 
and  corrosion  aspects  of  durability  are  time  dependent.  Stressed  durability  evaluations 
require  time  for  moisture  diffusion  and  stress  relaxation  to  occur.  Corrosion  is  time 
dependent  both  in  initiation  and  progression  of  the  corrosion  reaction.  Attempts  to  reduce 
tost  time  by  using  high  stress  levels  and/or  testing  hr  more  aggressive  environments  often 
produce  misleading  information. 

5.3  STRESSED  DURABILITY  OF  CLAD  AND  BARE  ALLOYS 


The  adherend  plays  a role  in  two  basically  different  types  of  durability.  (These  are  inde- 
pendent of  the  adhesive  physical  properties  when  characterized  by  cohesive  failures,  1 One 
type  is  the  adhesive  failure  phenomenon  that  occurs  only  in  the  presence  of  combined  stress 
and  water  (particularly  under  Mode  I loading).  This  phenomenon  is  an  interaction  between 
the  adhesive  primer  and  the  adherend  surface  (or  within  this  interfacial  zone),  which  Is  a 
function  of  the  adherend  surface  physical  and  chemical  structure  and  the  physical  and  chem- 
ical characteristics  of  the  adhesive  primer.  After  delamination  by  this  mechanism,  crevice 
corrosion  will  occur  to  varying  degrees  depending  on  the  environmental  conditions.  The 
second  type  » crevice  corrosion,  which  is  independent  of  stress. 


Crevice  corrosion  initiated  by  clad  dissolution  was  obvious  in  the  salt  spray  tests  where  all 
the  bonds  to  cladding  experienced  bondline  corrosion.  The  cut  edges  of  ail  the  test  speci- 
mens in  the  program  were  unprotected;  i.e.,  the  cross-section  of  the  composite  bond  was 
directly  exposed  to  > he  different  environments,  thereby  accelerating  the  initiation  of 
corrosion.  The  presence  of  the  salt  electrolyte  sets  up  a galvanic  cell  due  to  a difference  in 
EMF  between  the  cladding  and  the  core  alloy.  These  AH  differences  for  7075  and  2024 
alloys  are  listed  in  table  22.  Even  though  the  absolute  values  are  different  and  may  also  be 
significant,  it  is  the  AE  between  the  clad  and  core  which  provides  the  driving  force.  Once 
the  cell  is  set  up  and  corrosion  proceeds  into  the  bondline,  a complex  crevice  corrosion 
mechanism  continues  the  corrosion  reaction.  Very  little  corrosion  was  evident  on  the  bare 
alloys,  occurring  mostly  with  FPL  etch  (7075),  less  with  chromic  acid  anodize,  and  virtually 
none  with  phosphoric  acid  anodize.  Surface  treatment  also  affected  the  degree  of  clad 
corrosion  in  the  same  order. 


Table  22— Comparisons  of  Potential  Differences 
Between  Cladding  and  Core  for  2024  and  7075 


Alloy 

Solution  potential 
cladding,  mV 

Potential  Difference 
Cladding/core,  mV 

Sheet 

thickness, 

in. 

2024-T3 

-w ■“-* 

— -100 

0.040 

7076-T6 

-920 

too 

0.125 

The  second  corrosion  phenomenon  occurred  in  the  bondlines  of  both  clad  and  bare  alloys 
(i.e.,  7075  and  2024)  in  140°  and  I (>0° F/eondensing  humidity  environments,  almost  entirely 
with  EM  1 25-2  adhesive  in  the  bondline.  The  appearance  of  the  crevice  corrosion  was  that 
of  filiform  corrosion  (a  worm-Uke  path,  figs.  12  and  17)  which  is  commonly  observed  under 
paint  films,  Aguin.  surface  treatment  influenced  the  rate  of  progression,  with  the  FPL- 
etched  surfaces  producing  the  most  corrosion  and  phosphoricsicidsmodized  surfaces  the  least. 

To  look  at  the  problem  of  bondline  corrosion  realistically,  several  questions  need  to  be 
answered: 

1 . Under  what  conditions  can  the  bondline  edge  bo  adequately  protected;  i.e.,  paint  and/or 
sealant? 

2.  Where  fastener  holes  are  present  through  the  bond  line,  how  susceptible  is  the  structure 
to  boiulline  corrosion  and  what  means  are  available  to  minimize  or  eliminate  the 
problem? 

5.  What  environments  may  be  encountered  under  what  application  conditions? 

This  is  an  area  where  more  work  has  to  lie  done  so  pro|ier  judgments  can  be  made. 

Many  bonds  have  been  made  to  clad  surfaces  with  boiulline  edges  painted,  and  with  rivets 
through  the  bondliues.  Only  a small  percentage  of  these  bonds  have  delaminated  in  service. 


i- 

F- 

i' 

i> 

):■ 


S.4  INSERVICE  BEHAVIOR  AND  STRESSED  DURABILITY  TEST  CORRELATIONS 

The  most  significant  aspect  about  inservice  disbonds  is  that  almost  all  the  failures  have  been 
a delamination  of  the  joint  at  the  adhesive/adherend  interface.  This  is  also  true  of  honey- 
comb disbonds,  but  adhesive  failure  to  the  core  also  occurs.  Very  rarely  is  there  a failure 
of  the  adhesive  itself  (i.e.,  a cohesive  failure  with  adhesive  on  both  adherend  surfaces)  except 
as  .in  aftereffect  when  the  remaining  bond  cannot  take  the  load. 

This  is  a significant  point  to  make,  because  in  this  program  FM  1 23-2  exhibited  the  lowest 
stressed  durability  of  the  four  systems  tested.  FM  123-2  and  other  similar  250°  F cure 
systems  have  been  used  extensively  in  commercial  and  military  aircraft  without  significant 
problems  relating  to  the  durability  of  the  adhesive. 

With  the  current  design  philosophy  and  applications,  these  materials  have  worked  adequately; 
however,  with  more  emphasis  on  making  bonded  joints  more  efficient  (e.g.,  fewer  fasteners, 
or  none)  and  having  the  adhesive  work  at  higher  stress  levels,  the  element  of  bond  reliability 
becomes  more  critical.  The  use  of  the  new  technology  adhesives  (which  include  EA  9628 
and  several  other  vendors’  materials)  with  improved  stress/durability  therefore  reduces  the 
environmental  durability  risk. 

The  inservice  behavior  of  adhesively  bonded  aircraft  assemblies  correlated  very  well  with  the 
Mode  l loading  stressed  durability  tests,  particularly  for  the  commercial  aircraft  assemblies. 
Perhaps  a better  correlation  could  have  been  made  relating  to  the  military  aircraft  structures 
had  more  metal-to-metal  bonded  areas  been  available,  since  most  of  the  structures  were  of 
sandwich  construction.  The  Mode  I durability  test  (wedge  test  specimens  and  thick  DO) 
specimens)  was  the  only  method  that  effectively  demonstrated  the  correlation,  because  the 
inservice  problems  are  primarily  adhesive/adherend  surface  interface  oriented. 

S.S  OPTIMUM  TEMPERATURE  FOR  STRESSED  DURABILITY  TESTS 


An  optimum  temperature  or  environment  for  adhesive  durability  testing  is  difficult  to  deter- 
mine. Much  would  depend  on  the  application  and  type  of  adhesive.  Subsonic  aircraft  would 
not  generally  experience  temperature  above  |60UF  except  around  engines  and  on  camou- 
flaged military  aircraft,  which  can  approach  2001'  F,  A military  supersonic  fighter  will 
periodically  see  temperatures  greater  than  200° F.  All  these  aircraft  cun  see  a variety  of 
environmental  conditions  just  sitting  on  the  runwuy. 


Elevated  temperatures  affect  the  physical  properties  of  polymers,  and  the  temperature  at 
which  a polymer  starts  losing  most  of  Its  strength  is  the  glass  transition  temperature. )(;. 

The  presence  of  water  will  reduce  the  Ty.  For  instance,  water  will  plasticize  a typical  2$0gE 
cure  material  to  lower  the  l(j  from  approximately  200”  to  210aF  to  approximately  I oO  ' 
to  175BF.  Therefore,  if  one  tested  tins  material  at  1 60* F in  a wet  environment,  its  durability 
performance  would  be  low.  Another  vendor’s  product  with  a slightly  higher  T{,  (wet)  could 
show  significantly  better  durability.  The  selection  of  140'E/condensmg  humidity  for  testing 
of  250' E cure  adhesives  In  this  program  may  he  near  the  T(;  twelMor  some  adhesives,  but 
it  is  felt  that  this  is  a realistic  temperature  level  in  terms  of  possible  service  exposure. 


Higher  temperature  cure  adhesives  are  typically  intended  for  higher  temperature  service. 

The  Tq  (wet)  of  a typical  350°F  cure  epoxy  would  be  about  250°  to  300°F,  thereby 
implying  good  durability  performance  below  these  temperatures.  The  question  remains  as  to 
what  would  be  the  optimum  test  environment  for  a 350° F cure  adhesive-a  high  dry  tempera- 
ture or  a lower  wet  temperature.  A lower  wet  temperature  may  be  the  most  severe  for  long- 
term durability  tests  for  two  reasons.  (1 ) water  still  has  a plasticizing  effect  on  the  polymer 
and  while  under  stress  the  water  may  still  induce  some  creep  within  the  polymer  matrix, 
thereby  breaking  molecular  bonds,  and  (2)  the  presence  of  water  over  long  exposure  periods 
will  enhance  any  bondline  corrosion  effects.  Consequently,  the  selection  of  1 60°F/condensing 
humidity  environment  represents  an  environment  that  is  more  severe  than  the  140°F 
environment,  but  more  work  should  be  conducted  to  better  define  optimum  test  environ- 
ment for  higher  temperature  cure  adhesives. 

5.6  DOCUMENTING  TEST  METHODS 

A test  method  using  the  thin-adherend  DCB  specimen  (wedge  test  specimen)  has  been  written 
up  in  ASTM  test  method  format  (app.  C).  This  test  method  has  considerable  background 
within  The  Boeing  Company  and  elsewhere,  and  the  tests  conducted  in  this  program  further 
confirmed  the  method.  It  has  been  particularly  useful  in  ranking  surface  treatment  processes, 
for  evaluating  polymer  interactions  with  the  adherend  surfaces,  for  investigating  bondlino 
crevice  corrosion,  and  as  a process  control  specimen. 

No  attempt  was  made  to  document  the  other  test  methods  used  in  this  program  because  of 
the  lack  of  definitions  of  test  parameters  and  details  such  as  test  specimen  configurations, 
environments,  and  cyclic  load  profile. 

The  best  test  method  for  stressed  lap-shear  durability  testing  would  include  cyclic  loading, 
with  the  Bell  cycle  being  the  most  desirable  load  profile  at  this  time.  Several  factors  should 
be  resolved,  however,  before  preparing  a recommended  test  procedure.  These  would  include: 
(I ) the  rate  of  loading  and  unloading  specimens,  (2)  definition  of  the  optimum  test  environ- 
ment for  different  generic  adhesive  types,  and  (3)  definition  of  an  optimum  specimen  con- 
figuration (i.o..  thinner  adhcrcnds  may  be  more  applicable. 

The  thick-adhereml  DCB  specimen  has  had  considerable  use  in  characterizing  adhesive  frac- 
ture toughness,  but  in  a noncyclic  stressed  condition.  This  is  now  a recommended  ASTM 
test  method,  reference  6.  The  results  of  cyclic  test  indicate  that  more  work  has  to  be 
done  to  understand  the  fracture  characteristics  of  adhesives  in  houdlines.  A variant  of  the 
DCB  specimen  used  by  Mostovoy  (ref.  4)  may  be  more  useful  in  establishing  G||u  para- 
meters particularly  for  very  slow  cyclic  frequencies. 

The  thick-adherenu  SCB  specimen  for  honeycomb  bond  durability  is  also  a promising  test 
method;  however,  the  specimen  configuration,  us  well  us  the  test  conditions,  needs  more 
study. 
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5.7  GENERAL  DISCUSSION 


5.7.1  DURABILITY  OF  HONEYCOMB  SANDWICH  CONSTRUCTION 

The  durability  performance  of  honeycomb  sandwich  construction  is  a function  of  both  the 
face  sheet  and  honeycomb  core.  The  bond  durability  with  respect  to  the  face  sheet  is  the 
same  as  in  metal-to-metal  bonds.  The  bond  to  the  core,  however,  is  strongly  dependent  on 
the  filleting  action  of  the  adhesive  and  the  durability  of  that  bond  with  respect  to  the  core 
surface.  If  no  filleting  occurs,  then  mechanical  pullout  of  the  core  may  occur  at  low  stresses. 
In  addition  to  the  fillet  geometry/core  interaction,  it  is  possible  for  a weak  interface  to  exist 
between  the  core  and  fillet  bond.  In  this  case,  stressed  environmental  durability  will  be  low, 
regardless  of  fillet  height. 

Three  distinct  levels  of  core-to-fillet  bond  durability  were  observed,  which  were  related  to 
the  three  areas  of  core  technology.  The  older  technology,  standard  core,  performed  poorly. 
The  current  technology  cores,  Dura-Core  and  CR  111  core,  showed  a marked  improvement, 
and  the  phosphoric  acid  anodize  surface  treatment  applied  to  the  core  added  another  level 
of  durability  improvement. 

Moisture  migration  into  cells  was  evident  with  both  older  and  current  technology  cores.  This 
was  measurable  with  the  EA  9628  adhesive  because  of  color  changes.  FM  123-2  does  not 
change  color  with  moisture  exposure;  therefore,  moisture  ingress  could  not  be  assessed.  The 
combinations  of  phosphoric-acid-anodized  core  with  all  three  adhesives  and  current  techno- 
logy cores  with  AF  143  did  not  exhibit  moisture  ingression  into  bonded  cells  (standard  core 
was  not  evaluated  with  AF  1 43). 

Perhaps  n better  environmental  exposure  would  be  a ground-air-ground  (GAG)  cycle  (e.g„ 
the  Weber  chamber),  which  would  provide  a cyclic  pressure  differential  for  the  pumping 
action  which  is  probably  most  damaging  to  sandwich  structure  in  service.  This  environment 
would  be  applicable  only  to  sandwich  structure  because  of  the  differential  pressure  between 
the  cell  void  and  the  outside.  Metal-to-metal  bonds  would  not  respond  to  this  pumping 
action  since  diffusion  is  the  primary  driving  force. 

More  work  should  be  done  in  this  area  with  the  SCB  specimen.  Further  refinement  of  the 
test  method  is  necessary  in  order  to  obtain  the  maximum  amount  of  useful  information  from 
the  test ; e.g„  introducing  cyclic  loading.  Also,  further  refinement  of  the  specimen  configura- 
tion would  be  worthwhile,  particularly  to  reduce  tire  mass  if  GAG  testing  is  to  be  conducted. 

5.7.2  CORROSION-INHIBITING  ADHESIVE  PRIMERS 

Corrosion-inhibiting  adhesive  primers  (ClAP)  provide  benefits  from  both  manufacturing  and 
durability  standpoints.  ClAP  is  beneficial  to  durability  in  those  cases  where  non-CIAI*  results 
in  poor  stressed  durability  of  the  adherend/adhesive  interface.  However,  if  applied  to  a 
poorly  treated  surface,  it  will  not  prevent  delamination  icsnlting  from  stress  and  water. 
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Non-chromate-containing  curing  primers  can  probably  be  developed  which  would  be  superior 
to  the  current  CIAP  primers  in  terms  of  bond  durability.  Primer  development  with  this  con- 
cept in  mind  should  be  encouraged. 

5.7.3  ADHEREND  SURFACES 

The  role  that  adherend  surfaces  play  in  the  durability  of  the  total  bonded  joint  cannot  be 
overemphasized.  The  polymer  bond  to  the  surface  oxide  must  provide  good  adhesion  and 
stress  durability.  In  addition,  the  oxide  must  be  cohesively  strong  enough  for  the  applied 
loads.  The  oxides  formed  on  aluminum  can  vary  considerably  depending  on  the  conditions 
under  which  they  are  formed.  In  this  program  the  anodic  oxides  gave  the  best  durability 
results  with  the  phosphoric-acid-anodized  surfaces  rating  highest. 

The  improved  stressed  durability  performance  of  anodic  oxides  is  probably  related  to  the 
specific  structures  of  the  oxide;  i.e.,  highly  porous,  great  surface  area,  high  surface  activity, 
and  high  cohesive  strength.  However,  formation  of  the  oxide  structure  desirable  for  bonding 
is  influenced  by  the  alloy  composition.  Cladding  will  form  an  oxide  structure  which  differs 
from  that  formed  by  the  bare  alloy.  Therefore,  it  is  important  that  the  means  of  forming 
the  proper  oxide  structures  be  compatible  with  the  variety  of  alloys  used  for  bonding. 

5.7.4  ADHESIVES 

The  two  350°F  cure  adhesives  studied  consistently  performed  better  in  the  stressed  durability 
tests  than  did  either  of  the  250° F cure  systems.  This  improved  performance  does  not 
necessarily  mean  that  these  systems  are  the  best  choice  for  bonding.  The  brittle  nature  of 
the  350° F cure  systems  creates  a question  as  to  their  ability  to  contain  a crack  under  Mode  1 
loading  conditions,  The  PL  728  primer  showed  a variable  brittle  behavior  on  the  anodized 
surfaces.  The  reason  is  not  known,  but  it  was  an  interaction  between  oxide  structure  and 
primer  with  failures  oriented  in  tlve  primer. 

Further  investigation  into  the  brittle  belutvior  of  these  3S0°F  cure  adhesives  is  necessary  to 
understand  the  significance  in  terms  of  real  applications.  The  application  of  cyclic  Mode  l 
loads  and  combined  Mode  1 and  Mode  II  cyclic  loading  at  low  und  high  frequencies  and 
several  wet  und  dry  environments  would  be  appropriate  for  comparison  with  the  250°F  cure 
systems. 


6.0  CONCLUSIONS 


Specific  conclusions  relating  to  individual  tasks  have  been  presented  in  section  3.0  with  the 
test  results.  The  following  conclusions  are  of  a more  general  nature  and  consider  the  overall 
results  of  the  program. 

6.1  STRESSED  DURABILITY  TEST  METHODS 

1 . Sound  methods  of  evaluating  stressed  durability  of  adhesively  bonded  structural 
materials  were  established.  Two  basically  different  test  specimens  are  required:  (1 ) a 
specimen  that  includes  Mode  1 and  Mode  II  loading  (e.g.,  the  lap-shear  specimen  for 
metal-to-metal  bonds  or  the  SCB  specimen  for  metal-honeycomb)  and  (2)  a specimen 
that  includes  only  Mode  1 loading  (e.g.,  the  wedge  test  or  DCB  test).  In  addition, 
testing  must  be  accomplished  l ider  appropriate  environmental  conditions,  which 
include  elevated  temperature  and  the  presence  of  water. 

2.  The  lap-shear  specimen  is  capable  of  rating  the  stressed  environmental  durability  per- 
formance of  adhesives  by  comparison  of  the  times  to  failure. 

3.  The  thick-adherend  DCB  and  wedge  test  specimens  are  capable  of  evaluating  the 
influence  of  interface  variables  on  stressed  environmental  durability. 

4.  Tire  thick-adherend  DCB  specimen  is  capable  of  establishing  the  critical  threshold  crack 
containment  capabilities  of  adhesives  under  cyclic  loads. 

5.  Cyclic  loading  of  bonded  joints  in  Mode  I or  combined  Mode  1 and  Mode  11  is  more 
damaging  to  the  bond  than  is  static  loading.  The  slow  Bell  cycle  (1  hour  stressed,  1/4 
hour  unstressed)  was  more  damaging  per  cycle  titan  the  intermediate  and  fast  cycles 
(10  cph  and  1800  cpm). 

6.  The  thick-adherend  SCU  specimen  is  cupuble  of  evaluating  the  relative  stress  durabilities 
of  the  core  bond  in  sandwich  structure. 

7.  The  older  technology  standard  core  provides  poor  adhesive  fillet-to-eore  bond  durability 
with  the  250° !‘‘  cure  adhesive.  HA  0628.  Newer  technology  cores  (eg..  Dura-Core 

anti  CR  III  core)  are  a major  step  forward  in  providing  durable  core  bonds.  There  is 
still  room  for  improved  core  bond  durability  (e.g„  phosphorie-acid-anodized  surfaces 
coated  with  a honduble  organic). 

6.2  LONGTERM  ENVIRONMENTAL  EEIECTS 

Exposures  greater  than  6 months  are  necessary  for  high-confidence  durability  evaluations  of 
bonded  joints.  This  Is  because  failure  times  are  long  at  low  stress  levels,  and  the  secondary 
corrosion  interactions  tliut  may  occur  in  the  bondlincs  require  long  exposure  times  for  tlic 
effects  to  be  evident. 
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6.3  STRESSED  DURABILITY  OF  CLAD  AND  BARE  ALLOYS 


1 . The  presence  of  cladding  in  bondlines  promotes  bondline  crevice  corrosion  in  corrosive 
environments,  particularly  if  the  edge  of  the  bondline  is  unprotected. 

2.  The  corrosion  mechanism  is  independent  of  the  stressed  durability  characteristics  of 
the  joint  and  can  occur  regardless  of  the  adhesive  system  and  adherend  surface  treat- 
ments involved.  However,  the  adhesive  system  and  the  adherend  surface  treatment  do 
affect  the  initiation  and  rate  of  corrosion. 

3.  In  general,  the  alloy,  clad  or  bare,  has  little  influence  on  the  stressed  durability  perform 
ance  of  the  bonded  joint  when  the  optimum  adhesive  primer/adherend  surface  treat- 
ment is  used.  However,  the  alloy  does  control  the  oxide  formation  mechanism/surface 
preparation  interaction. 

6.4  INSERVICE  BEHAVIOR  AND  STRESSED  DURABILITY  TEST  CORRELATIONS 

1.  With  Mode  1 loading  (DCB  specimens),  a correlation  was  shown  to  exist  between  in- 
service  behavior  of  adhesively  bonded  aircraft  assemblies  and  stressed  durability  testing 
where  assembly  disbond  in  service  correlated  with  poor  wedge  test  performance. 

2.  Traditional  test  methods  (e.g.,  lap-shear  and  peel)  do  not  predict  inservice  durability 
performance. 

3.  Sustained-stress  lap-shear  durability  tests  also  do  not  correlate  with  inservice 
performance. 

6.S  OPTIMUM  TEMPERATURE  FOR  STRESSED  DURABILITY  TESTS 

The  optimum  temperature  for  performing  stressed  durability  tests  of  ail  structural  aerospace 

adhesives  has  not  been  defined.  A realistic  environment  for  testing  of  2 5 (ft-  cure  adhesive 

systems  was  established  as  140°F/condensing  humidity.  An  appropriate  test  environment 

for  350° P cure  adhesives  was  not  clearly  established  and  requires  additional  evaluation. 

6 .6  DOCUMENTING  TEST  METHODS 

1 . The  wedge  test  specimen  lias  demonstrated  a discriminating  capability  in  durability 
testing.  The  test  method  has  been  written  in  the  ASTM  test  method  formal  and 
submitted  to  ASTM  for  consideration  (app.  C). 

2.  Test  methods  using  the  thiek-adherend  lap-shear  SCO  specimens  were  not  sufficiently 
evaluated  to  warrant  writing  ASTM  test  procedures  at  this  time. 

3.  The  thiek-adherend  DCB  specimen  is  now  described  us  a recommended  ASTM  test 
method,  but  this  test  method  does  not  include  environmental  testing  nor  cyclic  toad 
testing,  Cyclic  load  testing  of  DCB  specimens  is  not  sufficiently  defined  to  write  an 
ASTM  test  procedure  at  this  time. 


6.7  GENERAL  CONCLUSIONS 


The  more  brittle  350  F cure  and  modified  epoxy  adhesives  consistently  demonstrated 
superior  environmental  durability  at  1 60°F/1Q0%  RH  over  the  250° F cure  modified 
epoxies  at  140°F/!00%  RH. 

The  new  technology  250° F cure  modified  epoxy  demonstrated  improved  stressed  dura- 
bility compared  to  the  older  technology  250°F  cure  adhesive. 

Ot  the  three  surface  treatments  evaluated,  phosphoric  acid  anodizing  showed  the  best 
overall  performance. 

Durability  tests  should  be  conducted  to  verify  the  stressed  durability  performance  of 
any  untested  adherend/adhesive/primer/surface  preparation  system. 

C1AP  primer  (BR  127)  in  the  bondline  improved  the  stressed  durability  of  wedge  test 
specimens  compared  to  a non-ClAP  primer  (BR  123). 

GAP  primer  did  not  prevent  crevice  corrosion  in  the  bondline. 


There  was  no  evidence  that  phosphoric  acid  anodized  surfaces  influenced  the  fatigue 
behavior  of  lap  shear  and  DC’B  specimens.  However,  there  was  some  evidence  thai 
chromic  acid  anodized  surfaces  did  influence  the  fatigue  behavior  of  both  specimen 
types.  When  tested  at  1800  epm,  some  lap  shear  and  DCB  specimens  with  chromic  acid 
anodized  surfaces  exhibited  decreases  in  fatigue  performance,  apparently  as  a result  of 
oxide-initiated  failures. 


7.0  RECOMMENDATIONS 


7.1  STRESSED  DURABILITY  TEST  METHODS 

1 . Continue  the  evaluation  of  the  lap-shear  and  the  SCB  sandwich  specimens  for  stressed 
durability  testing  to  the  point  that  proposed  test  methods  in  ASTM  format  can  be 
prepared. 

2.  Further  refine  the  lap-shear  specimen  configuration,  particularly  the  adherend  thickness. 
The  thick  adherends  as  described  in  this  report  may  not  be  the  optimum  for  fabricating 
and  testing  large  numbers  of  specimens.  Adherends  of  0.1 25  in.  or  less  should  be 
evaluated. 

3.  Adopt  the  slow  Bell  cycle,  1 hour  stressed  and  1 / 4 hour  unstressed,  as  a baseline  fre- 
quency for  cyclic  stress  durability  testing  of  lap-shear  specimens. 

4.  Conduct  a program  to  study  the  involvement  of  Mode  1 loading  in  bonded  joints  and 
its  interaction  with  Mode  II  shear  loads,  and  to  identify  Gjxj-i  and  Cq]xjj  for  several 
types  of  adhesives  and  loading  frequencies. 

5.  Continue  cyclic  stress  durability  tests  of  lap-shear  and  DCB  specimens,  assessing  the 
effects  of  preconditioning  the  specimens  in  water  prior  to  test  and  the  effect  of  strain 
rate. 

6.  Further  refine  the  SCB  test  method  for  honeycomb  core  bond  durability  with  emphasis 
placed  on  specimen  configuration,  testing  in  a cyclic  humidity  and  cyclic  pressure 
environment,  and  testing  under  cyclic  loading. 

7.2  STRESSED  DURABILITY  OF  CLAD  AND  BARE  ALLOYS 

1 . Further  assess  the  effects  of  cladding  in  bondlines  when  exposed  to  various  environ- 
ments to  define  conditions  when  clad  could  be  used  and  when  clad  in  the  bondline 
should  be  prohibited. 

. Include  protection  of  the  cut  edges  using  common  finis  lung  practices  and  the  applica- 
tion of  new  technology  adhesives,  primers,  and  surface  preparations,  as  well  as  an 
examination  of  the  effect  of  fasteners  through  bondlines. 

3.  Evaluate  different  clad  alloys,  as  well  as  the  effect  of  heat  treatments,  eqj.,  2024-T3 
clad  vs  2024-T.N  I clad. 
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GLOSSARY 


Adhesive  failure:  the  failure  mode  where  separation  occurs  at  the  interface  between  the 
adhesive  primer  and  oxide  (adherend  surface). 

Adhesive  bulk  properties:  the  mechanical  and  physical  properties  of  adhesives  that  define 
their  performance. 

Adhesive/primer  system:  the  combination  of  an  adhesive  and  adhesive  primer  used  in  a 
bonded  joint. 

Bonded  system:  the  composite  bonded  joint  which  consists  of  metal  alloy  adherend,  metal 
oxide  produced  in  the  surface  preparation  step,  adhesive  primer,  and  adhesive. 

Bondments:  aluminum  details  joined  together  by  adhesive  bonding,  e.g.,  test  specimens, 
aircraft  structure,  etc. 

Cohesive  failure:  the  failure  mode  where  separation  occurs  within  the  adhesive  matrix 
(center  of  bond). 

Posttest  zone:  the  area  of  bond  fracture  produced  after  test  termination  by  opening  the 
specimens  for  inspection. 

Pretest  zone:  the  area  of  bond  fracture  produced  prior  to  any  test  or  environmental  expos- 
ure. especially  on  double  cantilever  beam  (DCB)  specimens  and  single  cantilever  beam  (SCB) 
specimens.  This  area  is  also  known  as  the  preeracked  area. 

Rheology:  the  science  treating  the  deformation  and  flow  of  matter. 

Test  zone:  the  area  of  bond  fracture  produced  as  a result  of  environmental  exposure. 


Model:  Opening  mode 
(cleavage) 


Mode  II : Forward  shear 
(edge  sliding) 


Figure  1,— Loading  Modes  Possible  in  Bonded  Materials 


Figure  2.—Thick‘Adherond  Machined  Lap-Shear  Specimen 
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Rough  cut  specimens, 
then  dry  mill  to 
dimensions  shown  below 


(d)  DtiUili  of  Thlck-Adhersnd  DCS  Specimen* 
Figure  3.-(C<uwluded) 


wide  specimens 


1 in.  ±0.03  in. 


1 in.  ±0.03  in.—* 


0.125  in.  nominal 


Aluminum  or 
stainless  steel 
wedge 


I 


T 


0.25  in.  ±0.03  in. 


1/8  in. 


Figure  4.—Titin-Adherend  DCB  Sped men  (Wedge  Test ) 


(a)  Stressed  SCB  Specimen 


— 14.0  in,  »| 

Notes:  1 . Opposite  end  of  specimen  identical 

2.  Specimens  saw  cut  from  bonded  panels  14  x >3  in. 

(b)  Details  of  SCB  Specimen  Configuration 

Figure  S— Thick-AUiierend  SCB  Specimen 


Figure  6,-Thick-Adherend  Lap-Shear  Modified  Loading  Fixture 


Figure  7.— Environmental  Exposure  Chamber  for  140° F /Condensing  Humidity,  Showing  Arrangement 
of  DCB  and  Stressed  Lap-Shear  Specimens 
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2024-T3  clad 


1500  psl 


Adhesive  System:  FM  123-2/BR  127 


Figure  &— Typical  ThicbAdherond  Lap-Shear  Specimen  Failures  for 

Sustained-Stress  Tests  exposed  to  14CtF /Condensing  Humidity 
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Figure  13,-Opened  DCS  Specimens  Bonded  With  EA9628/BR  12/  System 
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Exposure  Results:  £A  S623/BR  127,  2024-T3  Bare  and  Clad,  Phosphoric  Add  Anodize 

Figure  15.— (Continued) 
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Figure  19.— Failure  Modes  in  the  Pretest.  Test,  and  Posttest  Areas  of  SCB  Specimens 
Bonded  with  BA  9028  and  Exposed  to  140  ' F /Condensing  Humidity 
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Figure  23.— Comparisons  of  Slow  Cyclic  Fatigue  for  0.8  cph  (Belli  and  10  cph 
for  E A 9628/BR  127andAF  143/EC 391 7 Adhesive  Systems 
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(d)  140°F  Wet  Environment 
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Figure  25.— ( Concluded ) 
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Figure  26.— Failure  Mode  Characteristics  of  Thick  Adherend  Lap  Shear  Specimens 
Tested  at  1800 cpm,  R « 0.06. 
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Figaro  30— Slow  Cyclic  Load  Machine  for  DC8  Specimens 
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Figure  32.— Fracture  Appearances  From  Cyclic  Loading  of  DCB  Specimens 
FA  9828/BR  122  Adhesive  Primer  System . 
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Figure  34,— Specimen  Configuration  for  Commercial  Aircraft  A 
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Figure  39.— Wedge  Test  Results  of  Specimens  Machined  From  Aircraft  A and  B Components 


Figure  ^.-Section  of  Aircraft  C Component  Showing  Areas  Where  Test  Specimens  Were  Taken 
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Figure  41. —Wedge  Test  Results  of  Specimens  Machined  From  Aircraft  C and  D Components 

Skin  Doubter : Wedge  Teit  Specimen  Exposed  to  120°F/100%  RH 


Pretost  fracture  j Tost  fracture  | Posttest  fracture 
Crack  direction  » ■ - ■ - 


Skin  Doubter:  Peel  Teit  Specimen  Room  Temperature  Teit  72  twin. 


Added  water: 
delamiiutlon  occurred 


Peel  direction  ^ 

Figure  42.— Typical  Wedge  Test  and  Peel  Test  Specimens  From  Aircraft  C 


Figure  43.— Typical  Bonded  Honeycomb  Panel  With  Closeouts  From  Air  Force  Aircraft 


Figure  44.— Typical  Cross  Section  of  Honeycomb  Structure  With  Tapered  Closeout 
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Approx  1/8  in. 


Approx  1/8  in. 


Doubter 


Stiffening  doubler 

(a)  Climbing  Drum  Peel 


ib)  Wedge  Tests 


Doubler 


(c)  Thlck-Adlwreiid  DCB 


(d)  Thlck-Adltereiul  Lap  Sliear 


Figure  45.  — Configurations  of  Specimens  Fabricated  From  Air  Force  Aircraft  Details 
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Exposure  to  140  F/condensing  humidity,  weeks 

(a)  C-141  Bonded  Panels  Which  Were  Not  Obviously  Delaminated 
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Figure  46,— Wedge  Test  Resuits  of  Specimens  Machined  From  Air  Force  Aircraft 


Crack  length,  in.  Crack  length,  in. 


FM  61  adhesive  bonds 

T-38  outboard  wing  trailing  edge 

(three  specimens),  delaminated 

F-5  outboard  wing  trailing  edge  no.  1 

(three  specimens),  no  delamination 

F-5  outboard  wing  trailing  edge  no.  2 

(three specimens),  no  delamination 


j Note:  All  failure  modes  adhesive 

I |__ 1 I i i | 
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Exposure  to  1 60° F /condensing  humidity,  weeks 

(c)  T-38  and  F-5  Bonded  Panels 


FM  123-2  adhesive  bonds 


— — T-38  landing  gear  strut  door 

(five  specimens),  no  delamination 


id)  T-38  and  C-5A  Bonded  Panel* 


Figure  46.— (Concluded) 
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APPENDIX  A 

NONDESTRUCTIVE  INSPECTION  (NDI)  OF  BONDED  TEST  ASSEMBLIES 


All  bonded  test  assemblies  fabricated  for  this  program  were  nondestructively  inspected  (NDI) 
before  fabricating  test  coupons.  Ultrasonic  through-transmission  inspection  with  single- 
level  and/or  multilevel  C-scan  recording  and  low-voltage  X-radiography  (25  to  50  kV) 
were  used  on  all  bonded  assemblies.  Neutron  radiography  was  used  on  most  of  the  honey- 
comb sandwich  and  on  selected  metal-to-metal  assemblies.  Results  of  these  NDI  evaluations 
are  shown  in  tables  A-l  and  A-2. 

Low-voltage  X-radiography,  and  especially  neutron  radiography,  proved  more  definitive  in 
identifying  voids  and  porosity  than  did  the  ultrasonic  through-transmission  for  metal-to- 
metal  assemblies.  An  example  of  neutron  radiography  showing  some  of  the  largest  and  most 
numerous  voids  and  porosity  is  shown  in  figure  A-l . 

The  ultrasonic  through-transmission  data  did  not  clearly  show  the  same  pattern  of  voids  and 
porosity  as  did  the  radiographic  methods,  and  in  most  cases  did  not  suggest  this  condition. 

See  table  A-l . Fart  of  this  problem  could  have  been  due  to  bondline  thickness  variations 
which  made  it  difficult  to  set  the  proper  gates  for  the  C-scan  recorder,  particularly  when 
single-level  recording  was  used. 

Interpretation  of  NDI  results  for  the  honeycomb  sandwich  specimens  was  even  more  difficult, 
because  of  the  double  honeycomb  sandwich  and  multiple  bondlines.  Again,  neutron  radio- 
graphy gave  the  most  definition,  but  complete  interpretation  of  the  indications  was  not 
achieved.  See  table  A-2. 

Two  examples  can  be  cited  where  voids  were  responsible  for  reduced  specimen  performance: 
1)  A 3/8-in.  to  1/2-in.  diameter  void  resulted  in  a premature  stressed  lap  shear  test  failure 
(table  10  of  text),  and  2)  several  baseline  lap  shear  results  were  lower  than  expected  (table  4 
of  text).  None  of  the  bonded  assemblies  from  which  the  specimens  were  taken  showed 
evidence  of  voids  or  porosity  on  the  X-radiographs  or  C-scan  recordings. 

Voids  and/or  porosity  were  evident  in  numerous  DCB  and  lap  shear  specimens  after  post  test 
fracture,  with  some  of  these  bondline  discontinuities  showing  up  in  the  NDI  evaluation, 
However,  there  was  no  evidence  that  these  discontinuities  contributed  to  reduced  durability. 

It  appears  that  the  only  effect  of  voids  and  porosity  is  to  increase  the  local  stress  in  the 
confined  test  area. 

Conclusions  drawn  from  the  assessment  of  NDI  results  and  subsequent  durability  tests  are: 

1 . The  radiographic  NDI  methods,  particularly  neutron  radiography,  are  the  most 
definitive  means  of  identifying  voids  and  porosity. 

2.  Voids  ami  porosity  that  did  not  show  up  in  either  of  the  NDI  methods  were  present  in 
bondlines  of  test  specimens. 

3.  There  was  no  correlation  between  NDI-observed  voids  and  porosity  in  Ixuuled 
assemblies  and  adverse  stressed  durability  test  results. 
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Note:  Area  shown  represents  approximately  20%  of  the  AF  143  Bonded  Assembly. 

Figure  A-1  .—Neutron  Radiograph  of  Laminated  2024-T3  Clad  Pane!  Section  for 
Thick-Adherend  DCB  Specimens  Showing  Voids  in  One  or  More 
Bondlines 


Table  A-1  —Nondestructive  Inspection  (NDI)  of  Bonded  Metal-to-Metal  Assemblies 


Adhesive/primer 

system 

Alloy 

Surface 

treatment*1 

No.  of 
assemblies 

X-ray  results 

Ultrasonic  through- 
transmission  results 

FM  123-2/BR  127 

2024-T3 

F 

3 

No  anomalies 

Nothing  definitive 

clad 

C 

3 

P 

4 

2024-T3 

F 

3 

bare 

C 

3 

No  anomalies 

Nothing  definitive 

P 

6 

No  anomalies  (5) 

Nothing  definitive  (5) 

Porosity  (1 ) 

Spots  on  edge  (1) 

7075T6 

F 

2 

No  anomalies 

Nothing  definitive 

clad 

C 

2 

P 

2 

No  anomalies 

7075-T6 

F 

2 

No  anomalies  (1) 

bare 

Adhesive  yap  (1) 

C 

2 

No  anomalies 

P 

2 

No  anomalies  (1 ) 

Nothing  definitive 

small  porosity  (1) 

FM  123-2/BR  123 

2024-T3 

F 

1 

No  anomalies 

Nothing  definitive 

clad 

C 

2 

P 

2 

2024-T3 

F 

1 

bate 

C 

2 

P 

2 

No  anomalies 

Nothing  definitive 

EA  9628/UR  127 

2024-T3 

F 

3 

No  anomalies 

Nothing  definitive 

clad 

C 

3 

Nothing  definitive 

P 

6 

Nothing  definitive  (4) 

Three  1/2  to  1 in-spots  (1) 

One  1 1/4  in,  spot  (1) 

2024T3 

F 

4 

Nothing  definitive  (3) 

bare 

Spotty  iti was  (1) 

C 

1 

No  anomalies 

Nothing  definitive 

P 

12 

No  anomalies  (1)1 

Nothing  definitive  (11) 

( 

voids  or  porosity  11) 

Spotty  aieas  (1) 

70/b-TG 

l: 

3 

No  anomalies  121 

clad 

Small  voids  w/neummt  (1) 

Nothing  dotmitivv 

* 

(not  w-Vtay) 

■ 

t: 

3 

No  anomalies 

p 

3 

/076T0 

f 

3 

Irate 

c 

G 

p 

Ci 

. ...  - - 

No  anomalies 

Nothing  definitive 

Table  A-1 (Concluded) 


Adhesive/primer 

system 

Alloy 

AF  143/EC  3917 

2024-T3 

clad 

2024-T3 

bare 

7075T6 

clad 

7075-T6 

bare 

PL  729-3/PL  728 

2024-T3 

clad 

2024-T3 

hare 

7078  TO 
clad 

7076-T0 

twre 

Surface 

treatment' 


No.  of 

a assemblies 


X-ray  results 


Porosity 
Porosity 
Porosity  (2) 

No  anomalies  (3) 


Porosity 

No  anomalies  (1) 
Porosity  (1) 

No  anomalies  (3) 
Porosity  (1) 


Porosity 
Porosity 
No  anomalies 


No  anomalies  (1) 
Voids  and  porosity  (1) 
No  anomalies  (1) 
Porosity  (1) 

No  anomalies  (1) 
Adhesive  overlap  (1) 


Porosity 
No  anomalies 
No  anomalies  (2) 

Small  void  1/8  in.  dia  HI 

Voids  and  porosity  (1) 
No  anomalies  { 1 ) 

No  anomalies  (2) 

No  anomalies  ( 1 ) 

Voids  and  porosity  131 

No  anomalies 


Ultrasonic  through- 
transmission  results 


Nothing  definitive 


Nothing  def  initive 


Nothing  definitive  (1 ) 
9 in. area  in  center  (1) 
Nothing  definitive 

Nothing  definitive 


Nothing  definitive 
Nothing  definitive 

Some  discontinuities  (1) 
Nothing  definitive  (II 
Nothing  definitive  (2) 
Nothing  definitive  (3) 
Spotty  areas  (11 

Nothing  definitive 


No  anomalies 


Nothing  definitive 


Jl;  * FPL  etch 
C Chromic  acid  anodi/e 
P **  Phosphoric  acid  anotlue 
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Figure  B-2.— Strain  Gage  Location  on  Thick- Adher end  Lap- Shear  Specimen 


had)  of  the  four  specimens  was  tested  on  two  different  tensile  test  machines  to  determine 
strain  behavior  under  conditions  of  known  uniaxial  loading.  These  two  machines  were  a 
Tinius  Olsen  30  000-lb  tensile  tester  and  a 20  000-lb  Instron  Universal  Tests  were  made  by 
incorporating  the  clevis  tie  rods  from  the  jig  into  the  test  fixture  and  substituting  wider 
clevises  requiring  a longer  pin  for  the  jig  clevis  tie  rod. 

Hach  of  the  strain-gaged  specimens  was  then  loaded  into  the  loading  fixture  in  the  manner 
normally  used  for  environmental  durability  testing.  The  orientation  of  the  specimens  within 
the  fixture  is  within  the  tube  and  partly  up  into  the  helical  spring,  figure  B-l . 

Several  repetitions  of  this  loading  were  performed,  and  slight  modifications  were  made  on 
two  of  the  runs.  One  modification  was  to  install  a hcmicylindrica!  washer  between  the  nut 
and  bottom  plate:  the  other  was  to  replace  the  safety  bolt  by  a cable. 

The  strains,  in  microinches  per  inch,  indicated  by  each  of  the  strain  gages  from  two  of  the 
tensile  tests  and  four  of  the  loading  fixture  tests,  are  shown  in  table  B-l . These  strains  are 
for  a nominal  applied  750  lb. 

In  table  B-l . the  sets  of  strains  from  the  tensile  test  machines  represent  the  widest  variations 
between  numbers  obtained  from  two  different  loadings  or.  the  machines.  1 liese  numbers 
represent  practical  axial  loads  obtainable. 


Table  B-1.— Strain  Gage  Measurements  of  Thick- Adherend  Lap-Shear  Specimens 


*■ 


(microinches  per  inch) 


Gage 

designation3 

1 A 

18 

1C 

ID 

2B 

2D 

3B 

3D 

4B 

4D 

^Tensile  1 

147 

101 

110 

136 

116 

143 

108 

162 

139 

140 

Tensile  2 

151 

98 

119 

159 

83 

168 

129 

149 

121 

155 

■KtfgXM 

m—m 

cLoad  1 

90 

165 

124 

133 

93 

121 

114 

141 

91 

195 

Load  2 

129 

97 

150 

168 

90 

175 

115 

147 

90 

204 

Load  3 

82 

78 

198 

182 

69 

183 

122 

139 

75 

tBPHll 

Load  4 

90 

73 

192 

181 

1 

1 

1 

1 

1 

1 

1 

1 

90 

175 

aGage  designation: 


^ensil  1 : 
Tensile  2: 

cLoad  1 : 
Load  2: 
Load  3: 
Load  4: 


First  character  is  specimen  number 
Second  indicates  gage  position 

Instron  with  wide  clevises 
Tinius  Olsen  with  fixture  clevises 

Standard  loading  of  fixture 
Standard  loading  of  fixture 
Installation  of  hemicylindrical  washer 
Installation  of  hemicylindrical  washer  and 
substitution  of  safety  bolts  by  cables 


By  comparing  the  readings  from  a given  gage  (i.e..  tensile  l and  2 vs  loads  1,2.3,  and  4), 
it  is  evident  that  there  were  indeed  nonaxial  loads  being  applied  to  the  specimen  by  the 
fixture,  making  it  necessary  to  modify  the  fixture. 

Since  it  has  been  noted  with  the  fixtures  that  the  springs  tend  to  bend  considerably  out  of 
line  when  loaded  and  that  there  was  little  clearance  inside  the  spring  for  the  specimen,  the 
fixture  design  was  modified  to  accomplish  the  following: 

1 . Load  the  specimen  outside  of  the  spring 

2.  Restrain  the  spring  from  bending  out  of  line  as  much  as  possible 

3.  Compensate  for  small  amounts  of  spring  bending 

In  keeping  with  these  objectives,  the  tube  was  lengthened  to  contain  the  entire  specimen, 
a second  alignment  plate  was  added  and  the  distance  between  the  two  alignment  plates 
was  set  to  maintain  both  ends  of  the  spring,  a hemicylindrical  washer  was  installed  between 
the  nut  and  bottom  plate,  and  the  safety  bolt  was  replaced  by  a cable.  The  modified  fixture 
is  shown  in  figure  B-3. 
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Hemicylindrical  washer 
Tensile  stud  (7.0  in.) 

Safety  cable 

Alignment  plate  stud  bolt  (12.50  in.) 
Compression  tube  (6.5  in.) 
Alignment  plates 
Helical  spring-1000  lb  capacity 


Figaro  Thick-Adherond  Lap-Shear  Modified  Loading  Fixture 


.t. 
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A prototype  of  this  modified  fixture  was  made  as  shown  in  figure  B-3  except  that  two 
existing  tubes  were  stacked  together  with  a separator  plate  between  in  place  of  the  single 
6.5-in.  tube  shown.  The  gaged  specimens  were  tested  in  this  modified  jig,  and  their  orienta- 
tion within  the  fixture  was  equivalent  to  that  shown  in  figure  B1 , except  for  the  specimen 
being  contained  within  the  tube.  Strains  indicated  from  four  separate  loadings  to  a nominal 
750  lb  in  the  modified  jig  are  shown  in  table  B-2.  Loads  1 through  4 represent  loadings  of 
the  modified  fixture  in  a manner  equivalent  to  the  usual  method  of  loading  the  fixture. 


Table  B-2.— Strain  Gage  Measurements  of  Lap-Shear  Specimens  in  Modified  Loading  Fixture 


(microinches  per  inch) 


Gage 

designation 

1 A 

18 

1C 

ID 

2B 

2D 

3B 

3D 

4B 

4D 

Load  1 

154 

99 

93 

140 

98 

140 

107 

141 

122 

134 

Load  2 

160 

104 

110 

153 

99 

145 

111 

143 

123 

146 

Load  3 

174 

112 

120 

165 

95 

158 

119 

154 

133 

153 

Load  4 

140 

108 

101 

150 

90 

149 

100 

159 

137 

152 

B.3  DISCUSSION  AND  CONCLUSIONS 

Based  on  this  program,  it  was  concluded  that  the  modified  loading  fixture  represents  a 
significant  improvement  in  loading  reliability  over  the  unmodified  fixture.  This  improve- 
ment is  shown  by  bending  moments  calculated  for  the  tensile  test  data  for  both  the 
unmodified  and  the  modified  fixtures.  Assuming  that  all  bending  is  uniaxial,  the  resultant 
principal  strains  are  shown  in  tables  B-l  and  B-2. 

Two  natural  bending  moments  are  produced  in  the  lap-shear  specimens  under  uniaxial 
tension.  These  are  given  by  the  relations: 


Ma-c  = 


-<Vc  1 


where  1 is  the  moment  of  inertia  of  the  specimen  at  an  unnotched  cross  section,  h is  the 
specimen  height  at  an  unnotched  cross  section,  and  a.,_c  and  a1>t|  are  given  by: 


/ A-C , ,. 
°a-c  = <— > 


_ B-D.  „ 
°b-d  ( -i  ^ L 
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In  equations  (B-2),  A,  B,  C,  and  D are  the  strains  in  inches  per  inch  at  the  points  shown  in 
figure  B-2  when  the  specimen  is  pulled  in  pure  axial  tension,  and  E is  the  tensile  modulus  of 
aluminum.  It  is  obvious  that  for  a specimen  of  perfect  dimensions: 

Ma-c  = Mb-d  (B-3) 

If  it  is  found  under  a given  loading  condition  that  equation  (B-3)does  not  hold,  then  there 
must  be  some  external  applied  bending  moment,  Mex,  given  by  the  equation: 


M„  + M 

ii  “L 


b-d 


(B-4) 


In  table  B-3,  the  values  of  Mex  are  shown  for  specimen  1 loaded  in  the  tensile  test  machines 
(the  same  two  tests  whose  results  are  shown  in  table  B-l ) in  the  unmodified  and  the  modified 
fixtures.  Values  of  are  shown  for  all  four  specimens  under  the  same  loading  conditions. 

It  is  clear,  then,  from  table  B-3,  that  the  modified  fixture  offers  a significant  improvement 
over  the  unmodified  fixture.  Further,  it  seems  that  the  modified  fixture  may  produce 
loading  that  is  as  close  to  uniaxial  loading  as  is  possible  with  the  wide-area,  thick -adherend. 
machined  lap-shear  specimens. 


APPENDIX  C 

WEDGE  TEST  FOR  ADHESIVE  BONDED  SURFACE 
DURABILITY  OF  ALUMINUM1 

C.l  SCOPE 

This  test  simulates  in  a qualitative  manner  the  forces  and  effects  on  an  adhesive  bond  joint 
at  metal-adhesive/ primer  interface.  It  has  proved  to  be  highly  reliable  in  determing  and 
predicting  the  environmental  durability  of  adherend  surface  preparations.  The  method  has 
proved  to  be  correctable  with  service  performance  in  a manner  that  is  much  more  reliable 
than  conventional  lap-shear  or  peel  tests. 

C.2  SUMMARY  OF  METHOD 

A wedge  is  forced  into  the  bond  line  of  a flat  bonded  aluminum  specimen,  thereby  creating 
a tensile  stress  in  the  region  of  the  resulting  crack  tip.  The  stressed  specimen  is  exposed  to 
an  aqueous  environment,  usually  at  an  elevated  temperature,  or  to  an  appropriate  environ- 
ment relevant  to  the  use  of  the  bonded  structure.  The  resulting  crack  growth  with  time  and 
failure  modes  is  then  evaluated.  Variations  in  adherend  surface  quality  are  easily  observable 
when  the  specimens  are  opened  forceably,  if  necessary  at  the  test  conclusion. 

C.3  SIGNIFICANCE 

The  test  is  qualitative  only  but  is  very  discriminating  in  determining  variations  in  adherend 
surface  preparation  parameters  and  adhesive  environmental  durability.  In  addition  to  deter- 
mining crack  growth  rate  and  assigning  a value  to  it,  the  failure  mode  should  be  evaluated 
and  reported,  For  example,  cohesive,  adhesive-to-primer.  or  primer-to-adheretul  failures 
should  be  noted  after  opening  the  specimen  at  the  conclusion  of  the  period. 

C.4  APPARATUS 


The  following  apparatus  is  used: 

1 . A S to  .HI  power  magnifier  (preferably  stereo  binocular! 

2.  Sharp,  pointed  marking  stylus  and/or  triangular  file 
.1.  Stainless  steel  or  aluminum  wedges 

4.  Small  scale  graduated  in  millimeters  or  hundredths  ol  an  inch 

C.S  TEST  SPECIMEN 

A minimum  of  live  2.54-  by  1 5.2-cm  t I • by  ti-in.)  s|Kvimens  from  a single  assembly  shall  be 
used  for  each  test. 
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C.6  CONDITIONING 


The  specimens  may  be  exposed  to  any  environment  appropriate  to  the  bonded  structure 
being  represented; e.g  Humidity,  heat,  thermal  shock,  salt  spray,  etc.  For  most  applications, 
however,  water  is  the  most  deleterious  environment  to  the  polymer-adherend  interface.  A 
typical  environment  commonly  used  is  49°  C (120°F)  and  condensing  humidity.  If 
consistency  with  other  stressed  durability  testing  requirements  is  desired,  then  the  following 
conditions  can  be  used: 

• For  1 2 1 °C  (250° F)  curing  adhesives ; 60°C  ( 1 40°  F)  and  95%  to  1 00%  RH 

• For  1 77°C  (350°  F)  and  higher  curing  adhesives:  7 l°C  ( 1 60°F)  and  95%  to  1 00%  RH 

C.7  PROCEDURE 

1 . Prepare  the  surfaces  of  a piece  of  1 5.24-  by  1 5.24-  by  0.32-cm  (6-  by  (>-  by  0. 1 25-in.) 
aluminum,  using  a surface  treatment  process  appropriate  for  the  test  requirements. 

2.  Prime  the  faying  surface  of  each  panel,  apply  the  adhesive,  assemble  the  panels,  and 
cure  the  adhesive  as  required  by  the  appropriate  specification.  (For  later  convenience 
in  inserting  a wedge,  a separation  film  may  be  inserted  along  one  edge  of  the  assembly 
as  shown  in  fig.  C’-l . or  the  adhesive  may  be  omitted  along  one  edge.) 

3.  Cut  the  test  assembly  into  five  1 -in, -wide  test  specimens  as  shown  in  figure  C-l . At 
least  one  cut  edge  of  each  specimen  shall  have  a surface  finish  of  1 25  g in.  or  better. 
There  shall  be  no  burrs  or  smearing  of  adhercnd  material  onto  the  hondline.  Do  not 
overheat  or  damage  the  bond  when  cutting  or  finishing, 

4.  Appropriately  identify  alt  test  specimens  in  such  a manner  that  testing  in  a high 
humidity  environment  will  not  destroy  the  identification  markings,  t Appropriately 
positioned  identification  markings  can  be  made  on  the  (>-  by  <>-in.  (15.24-  by  1 5,24-cm) 
panels  prior  to  surface  preparation  processing.) 

3.  (’rack  one  end  of  each  test  specimen  by  inserting  a wedge  as  shown  in  figure  (‘-I . 

Insert  the  wedge  by  using  a pushing  force  or  several  relatively  light  taps  with  a hammer- 
ing device.  DO  SOT  insert  the  wedge  with  a single  striking  blow.  When  inserting 
wedge.  DO  SOT  hold  specimen  in  any  way  that  will  restrain  the  initial  cracking, 

Position  the  wedge  so  that  the  blunt  end  and  sides  are  approximately  Hush  with  those 
of  the  specimen.  (In  any  use  of  an  auxiliary  tool  to  procrack  a lest  specimen  to 
facilitate  insertion  of  a wedge,  the  extent  of  precrackmg  must  In?  less  Hum  that  which 
is  caused  by  insertion  of  the  wedge.) 

<>.  Using  5 to  30  power  magnilicalion  and  adequate  illumination,  locate  the  tip  of  the 
crack  on  the  1 25-g  in.  finish  edge  ot  each  specimen.  I his  is  the  point  larthest  horn 
the  wedge  where  the  specimen  tlhe  adhesive,  primer,  and/or  adherondst  lias  separated. 
Using  a line  stylus  or  serihe,  mark  the  locution  on  one  adhvicnd  edge.  It  the  s|vcimen 
is  to  he  used  m salt  spray  or  other  environment  extveted  to  he  corrosive  and  liable  to 
obliterate  the  mark,  dcc|>cii  the  scribe  mark  with  a triangular  tile. 


1 in.  A 0.03  in. 


1 in.  1 0.03  in. 


r 


0.125  in.  nominal 


Aluminum  or  0.25  in.  A 0.03  in. 

stainless  sltral 

wutlye 


Initial 


Wwliwtl  Crack  Uxtwtslon  Siwciman  (Tint  anti  and  slilos 
of  tin1  watlya  Mi, ill  In*  apitroKimaluly  Hud)  with 
tywoiman  tmti  anti  suit*.) 


Figure  C- 1. —Crack  Extension  i pccinm  Configuration 


7.  Expose  the  wedged  specimens  to  the  environment  required  by  the  appropriate 
specification. 

8.  Remove  the  specimens  from  the  environment,  and  within  1 5 minutes  mark  the  location 
of  the  tip  of  the  crack  after  exposure  in  the  same  manner  as  in  step  6. 

9.  Measure  the  crack  extension  of  each  specimen  to  (0.025  cm)  0.01  in.  or  less  precision 
to  determine  that  the  crack  extension  is  more  or  less  than  the  specified  amount 
required  by  the  appropriate  specification. 

10.  At  the  conclusion  of  the  test,  forceably  open  the  specimen  and  note  the  failure  mode 
of  the  test  section. 


C.8  INTERPRETATION  OF  RESULTS 


The  crack  extension  Aa  and  the  crack  extension  failure  mode  (i.e.,  adhesive  failure  at  the 
interface  or  cohesive  within  the  adhesive  are  reported. 

The  initial  crack  length  aD,  the  crack  extension  Aa,  and  the  crack  extension  failure  mode  are 
all  a function  of  the  adhesive/primer  systems  being  considered  and  the  adherend  surface 
treatment.  Because  of  these  variables,  the  acceptance  criteria  for  a bonded  system  of  interest 
will  have  to  be  established.  The  following  is  an  example  of  an  acceptance  criterion  for  1 21°C 
(250° F)  curing  high»pcel  modified  epoxy  structural  adhesives: 

Ten  specimens,  representing  two  individual  bonded  test  assemblies,  are  tested.  Typically, 
good  durability  surface  preparation  is  evidenced  by  no  individual  specimen  having  a crack 
length  exceeding  19  nun  (0.75  in.)  and  the  average  of  all  specimens  being  not  over  b.5  mm 
(0.25  in.). 


C.9  REPORT  ON  RESULTS 


I. 


Report  the  original  crack  length  and  the  crack  extension  at  the  end  of  various  time 
intervals,  such  as  1 , 4,  «S,  24  hours;  7.  50  days. 


Alsu  report  the  failure  mode  as  1 00','i  cohesive.  100'"  adhesive,  or  50' 


adhesive,  etc. 
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